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Influence of the Atmosphere Upon the Precision 
of Telescope Pointing 
By Francis E. Washer and Leo W. Scott 


The probable error of a single pointing (PE,) was measured under conditions such that 
the effect of the air column intervening between observer and target was introduced or 


The substantial reduction in PE, for the air-column-eliminated method 


as compared with the air-column-present method showed that precision in outdoor pointing 


is definitely limited by the air column. 


Some approximate computations were made to show 


that the value of PE, cannot be appreciably reduced by increasing the magnification of the 


telescope above 20. 


I. Introduction 


In the course of the work done in connection 
ith the Range and Height Finder Project spon- 
red at this Bureau by the United States Army 
rdnance, it to study the 
ctors affecting the precision of telescope pointing. 


became necessary 


range finder is essentially a double-pointing in- 


Srument, and consequently it is possible to deduce 





be error that may be attributed to the purely 
jtical phase of the range finder system from the 
sults obtained with a single telescope. The re- 
lts of investigations dealing with the precision of 
inting for outdoor targets [1 and 2]' and the 
fect of magnification on the precision of indoor 
lescope pointing [3] have already been reported. 
he present study is concerned mainly with show- 
g that the column of air intervening between 
rget and observer places a limit on the ultimate 
ecision that can be achieved and that, further- 
ore, the gain in precision resulting from increas- 
g the magnification is negligible above a magni- 
‘ation of approximately 20 diameters. 

It must be emphasized that the term “pointing,” 
used in this paper, refers to a type of pointing 
here all mechanical errors have been eliminated, 
ul the error of pointing found is an attribute of 
he combination of the optical system, the ob- 
rver, and the air column intervening between 
It is wholly devoid of such 
rors as may result from incorrect reading of ver- 


rget and observer. 





n brackets indicate the literature references at the end of this 


rec sion of Telescope Pointing 


niers and scales, such as exist on transit circles 
and similar mechanical devices. In addition, the 
term “PE,” refers to the probable error of a single 
pointing about the instantaneous “true” pointing 
at the time at which it is made, and is a measure of 
the error of a single pointing determined from a 
number of independent pointings taken rapidly, 
and does not contain any appreciable effect of 


drift. 
II. Method 


When pointings are made on a distant outdoor 
target, the image-forming light moves through the 
intervening air and produces an image of the target 
in the focal plane of the objective of the viewing 
telescope. In bringing the image of a selected por- 
tion of the distant target into coincidence with the 
intersection of the cross hairs of the telescope, this 
setting is affected not only by the errors inherent 
in the combination of optical system and ob- 
server's eye but also by any error that may be 
contributed by the column of air intervening be- 
tween telescope and target. For example, it is 
known that the air is at all times in a state of 
motion, and it is probable that this turbulence may 
produce small random rapidly changing deviations 
in the direction of the image-forming light pro- 
ceeding from the target to the observer. Such 
deviations, if they exist, would be evidenced by a 
larger probable error of a single pointing for the 
condition of air column present than would be 
obtained for the same target at the same distance 
if the effect of air column is eliminated, 


“ce 
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In the present experiment, a special target was 
used for both types of pointing. This target, a 
sketch of which is shown in figure 1, consisted of a 
frame 6 feet square with two diagonal pieces inter- 
secting to simulate a cross hair when viewed from 
a great distance. The frame was provided with an 
arm pivoted at the top and capable of being swung 
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Diagrammatic sketch of special target placed on 
the tower of Old Soldiers Home. 


Ficure 1. 


Intersection of diagonals .1C and RD form a cross. The swinging arm, 


OM, pivoted at O, is moved to position M’ or M” and then moved into 
coincidence with the center of the cross under direction of the observer sta- 
tioned on the grounds of the National Bureau of Standards, distant 4,710 m 
Successive settings are read with the scale, S 


from one side to the other of the intersection of the 
diagonal pieces. This target was placed in the 
tower of the Old Soldiers Home and viewed from a 
station on the grounds of the National Bureau of 
Standards. The distance separating target and 
observer is 4,710 meters. 


1. Determination of Pointing Error When Effect of 
Air Column Is Present 


The vertical member BC of the special target, 
shown in figure 1, was used as the target in the 
determination of pointing error with air column 
In this part of the experiment, the 
apparatus consisted of a telescope equipped with 
cross hairs and a means by which the observer 
could vary the pointings at the distant target 
This was ace 


present. 


without disturbing the telescope. 
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complished by placing in front of the teleseo, 
objective a weak prism capable of rotation about ) 
vertical axis, which is also parallel to the priy 
As the deviation of a parallel beam of lig) 
caused by a weak prism is a function of the ang 
of incidence on the prism surface, the image of thy 
target can be caused to move from side to gj 
of the telescope cross-hair intersection by oscilla: 
As the deviation changes slow) 


axis. 


ing the prism. 
with the angle of incidence, this device offers 
convenient means for measuring with great pp. 
cision small variations in the angle of pointing 
During the course of an observation the prism wa 
rotated until the image of the target appeared \ 
coincide with the cross hairs, and the anguli 
position of the prism was noted with the aid of a 
auxiliary telescope and scale in conjunction with 
the rotating prism. Thi 
reading was converted into seconds in the objec 
space. A series of 10 such observations was taken 
and the probable error, ?/:, determined from thes 
data. Several such 10-groups are usually take 
in a single run, with a short intermission betwea 
each 10-group, and the average PE, is accepivi 
as the value of PE, for the run. The computatio 
of PE, was done in the same manner as report 
in a previous paper [3]. 

All observations and the recording of data 
this part of the experiment, were performed by: 
single observer, the senior author, which together 
with the fact that the rotation of the prism wa 


mirror attached to 


controlled by a smooth rod that must be release! 


between observations, acts to reduce any effect 
of memory, and so tends toensure the independen« 
of successive observations. 


2. Determination of Pointing Error When Effect o 
Air Column Is Eliminated 


In the procedure, described in section IL, 1, ther 
ean be no question but that an opportunity 
afforded the intervening air column to affeet t! 
probable error of a single pointing in any mane! 
it may. 
same viewing telsecope was used for observatio! 
the prism was kept immovable, the distance sep 


! 


rating target and telesceope was the same, sl 


th 


In this portion of the experiment, 


the cross hairs in the viewing telescope were © 
nored. The settings were made at the tar 
itself with the aid of a 
moved the swinging arm, OM, and brought tt i’ 
coincidence with the intersection of the diagon! 


second observer, Wl 
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2D. and AC in accordance with the direc- 
observer at the viewing telescope. 
‘nder these conditions, the image-forming light 
rocecding from both the moving and fixed mem- 
eps of the target traversed the same column of 
ir and was subjected to the same conditions be- 
ve arrival at the viewing telescope, and it is 
ighly improbable that these members changed 
heir apparent relative positions with respect to 
ne another as a result of any effect of the air 
vlumn intervening between target and viewing 
Jescope. It is true that the image of the target 
ay move about in the focal plane of the objective 
f the viewing telescope, but because the image 
oved as a Whole, and the coincidence was judged 
ithout reference to any fixed mark in the focal 
lane of the objective, the limit of pointing ac- 
uracy was placed by the errors inherent in the 
ptical system, the observer’s eye and ability of 


he second observer to move the arm, OM, in 
ccordance with direction, and therefore any effect 
f the air column was reduced to a minimum. For 
hese therefore, the effect of the air 
olumn was considered eliminated in the deter- 
mination of the pointing error in this part of the 


reasons, 


xperiment. 

To make an observation, an observer in the 
ower swings the arm on its pivot sufficiently far 
0 that the observer at the telescope can clearly 
« that the arm and the intersection of the 
liagonal bars are well separated. The arm is 
moved slowly to bring it toward coincidence with 
he intersection point, the movement being 
topped when the observer at the telescope con- 
iders the moving arm and the intersection of the 
Hiavonal bars to coincide. The two observers are 
n constant telephonic communication throughout 
he course of a run. The observer in the tower 
ecords the setting with the aid of a seale placed at 
bottom of the frame. <A series of five such 
ettings was made and the probable error, PE, 
omputed thereupon. Several such five-groups 
ere usually taken in a single run, with a short in- 
ermission between each five-group, and the 
verage PE, accepted as the value of PE, for 
Several runs were made for each magni- 
The observer at the telescope was the 
ame in both parts of the experiment, so any errors 
hat may arise as a result of eve difference between 
ers Was minimized. At the target distance 
‘lected, a movement of 1 mm at the bottom of 


he run. 


cation 


hse 


Frecision of Telescope Pointing 


the target frame corresponded to an angular dis- 
placement of the midpoint of the arm with respect 
to the intersection of the diagonal bars equal to 
0.022 second when viewed from the station where 
the telescope was located. 


III. Results of Measurements 


In the course of this work, values of PE, for 
several magnifications were obtained by each 
method of pointing. Table 1 lists the results of 
observation, and they are shown graphically in 
figure 2. It is noteworthy that for all values of 
magnification curve 1, which shows the value of 
PE, with effect of air column present, lies above 
curve 2, which shows the values of PE, with effect 
of air column eliminated. The failure of the 
points on curve | to lie on a smooth curve arises 
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MAGNIFICATION 
Figure 2. Prebable error of a single pointing (PE,) versus 
magnification. 


The results are for a viewing telescope with an objective of 711-mm focal 
length, 100-mm aperture. Target is 4,710 m distant. Curve 1 includes the 
effect of air column present. For curve 2, the effect of air column is elim- 


inated. Curve 3 is the minimum for the observer on the basis of indoor 


pointing. 


from variations in the atmospheric conditions 
rather than from any real tendency toward maxima 
and minima for definite magnifications. In the 
course of a few days, the spread of values of PE, 
for a given magnification is as great as these 
from one magnification to 


apparent changes 


another. 
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Tarte 1.—Probable error of a single poiating, PE,, as a 
function of magnification for observations made on an oul- 
door target with and without the effect of air column 


Air column eliminated Air column present 


Magnification 


PE,| OP, Ron at PEL P, Pn 
See Sec Sec See 
42 0.12 40.04 &$ | 0.63 0.14 5 
AS Ww (2 Is 42 11 10 
Os ow 02 S Al 15 4 
192 1 Ol 2 S} O7 


A measure of the dispersion of the values of 
PE, is given in table 1, under the heading P,. 
Values of P, were obtained by considering each 
PE, from a single five-group (or 10-group) as an 
observation and computing the probable error 
of a single observation from the average value of 
PE, obtained for a run comprising several five- 
groups (or Where several runs are 
made, P, was the average for all the runs made at 
a given magnification under the same conditions. 

In table 2 the values of PE, are given for ob- 
servations made on the same day with the same 
magnifications by each method. It is noteworthy 
that for magnification 85, for which values are 
obtained on two different days, the ratio of PE, 
(air column present) to PE, (air column elimi- 
nated) is 2.9 on the first day, whereas on the 
second day this ratio is 5.3. It is clear that the 
chief cause of this change in ratio was to be 
found in the increase of PE, (air column present) 
from 0.26 to 0.58, whereas for PE, (air column 
eliminated) the change was from 0.09 to 0.11. 
On the first day, viewing conditions were un- 
usually good, and this was reflected by the low 
values of PE, by each method. On the second 
day, visibility was low and turbulence of the air 


10-groups). 


caused considerable unsteadiness in the image of 


TABLE 2.—Comparison of PE, for observations made on the 
same day with same magnification on an outdoor target 
with and without the effect of air column 


| Air column eliminated Air column present 


Magnification Ratio 
_— > No. of —_ No. of 
PE M 5-groups , PEs Py 10-groups 
Nec Sec | Sec Sec 
42 018 | 40.06 4'068 +014 § 4.8 
SS 09 ol 8| .26 06 5 2.9 
SS i 02 10] .58 6 5 5.3 
1y2 1) ul 2 53 07 3 5.3 


the target. Nevertheless, despite the low yx 
bility, the value of PE, (air column eliminaty 
increased by only 0.02 second and the value , 
PE, (air column present) increased by 0.32 secon, 

In view of the fact that settings made by ; 
air-column-eliminated method did not permit eas 
control by a single observer, it is worthwhile , 
consider what values of PE, one might reasona)) 
expect to get by this method with further refiy. 
ment. Information derived from work done \y 
the senior author on the pointing accuracy of {| 
same telescope on an indoor target [3] was the 
fore used in the present study. In the course » 
this work nearly 10,000 observations were ma 
and from them the following relation between th 
probable error (in seconds) of a single pointiny 


and the magnification, 17, of the viewing telescopf 


was derived: 
4.96 
rv, "40.07. 


PE,: 
It is believed that only the first term of th: 
equation is operative in the present work, ther 
fore values of PE, are predicted from the relatio 


> _ 4.96 
PE,= M’ 2 


and plotted as curve 3 in figure 2. It is clear tha 
these values are, for the most part, appreciably 
lower than those plotted as curve 2. However 
in view of the low values of PE, shown in bot! 
curves 2 and 3, it is clear that little gain would 
result by refining the method. 

Furthermore, the values of PE, for the air 
column-present method cannot be appreciabl) 
lowered by extending the number of observations 
For here, the senior author, 
Helen B. Williams, has amassed quantities of dats 
from which it may be deduced that on the averay 
one cannot expect to achieve a value of PL 
lower than 0.62 second tor pointing at a distant 
outdoor target with the air-column-present metho 
{1 and 2]. As the air column contributes su’ 
stantially to the value of PE,, it is interesting 
consider the possible effect of magnification 0 
outdoor pointing accuracy. In the work © 
precision of outdoor pointing [1 and 2], the valu 
PE,= +0.62 second, was reported as the vallt 
determined for a telescope with magnification of 
diameters from 4,750 pointings. In the study 0! 
the effect of magnification on pointing accuracy i! 


too, 


Journal of Research Bre. 


assisted bu 


: 





aur 


early 
jor pe 
If it 
colu 
e appr 
htdoor 


uation 


ie vali 
magn 
table 
e tabl 
c air-¢ 
lues fe 
sely a 
shows 
ation 
lis Is | 
ntribu 
0 to | 
tions. 
Pile | 
lis Is | 
iv be 


hder 





ecifica 
umn 
r colut 
erage 
pected 
erage 
These 
mside 
at the 
rma 
ven fo 


e val 
















v vis targets [3], the value of PE, was found to 
ry inversely with the magnification. 
fication 37, the contribution of the telescope 
ne is 0.14 second, neglecting the constant term. 


» contribution of the air column alone is then 


nate For mag- 
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hile ; air column) = y (0.62)? — (0.14)? =0.60 second. 
onably (3) 
refine 
me Wifearly then the air column was contributing the 
of thiffajor portion of the error in this instance. 
theft If it is assumed that the contribution from the 
Irse fiir column was constant on the average, then 
madeffee approximate effect of magnification on PF, for 
en thigptdoor targets may be predicted from the 
inting@ uation 
CSCODH *\o 
| PE, v(‘ir) + (0.60)?. (4) 
values of PE, predicted by eq 4 for a series 
f pl magnifications varying from 5 to 100 are listed 
thong table 3. To present a more complete picture, 
Jatiogime table lists values for four different values of 
e air-column contribution. Column 2 gives the 
PBlues for zero air-column contribution, which is 
“f@psely approximated in indoor pointing. Column 
shows the expected values of PE, versus magni- 
rthiffation for an air column effect of 0.48 second. 
clablf@is is a close approximation to the air column 
veve'@ntribution that may be expected for ranges of 
bothi0 to 1,000 meters under average weather con- 
woullM@tions. Column 4 shows the expected values 
PE, for an air column effect of 0.60 second. 
¢ unis is the average air column contribution that 
‘abliMay be expected as an average for all ranges 
Hotsiihider average weather conditions, or more 





Becifically for the range 1,000 to 4,500 meters. 














 datai@olumn 5 shows the expected values of PF, for an 
erii@r column effeet of 0.71 second. This is the 
| PE@Berage air column contribution that may be 
‘Stan pected for ranges in excess of 4,500 meters under 
thodf erage weather conditions. 

SUBS These results are shown graphically in figure 3. 
ig "Monsideration of curves 2, 3, and 4 shows clearly 
ne“ M@at the gain in precision for outdoor pointings 
* "Mir magnifications above 30 diameters is negligible. 
alu ven for a magnification as low as 12 diameters, 
valle Mbe values of PE, for the three cases illustrated 
ae e 31, 22, and 15 percent higher than would be 
ly “BBpected for a magnification of 100 diameters. 
v fo 





of interest to determine the values of the 





ion of Telescope Pointing 











TABLE 3. 
outdoor target as a function of magnification 


~Predicted values of the probable error, PE,, for an 


Probable error of a single pointing 


Telescone 


alone 


Telescope and air column 





PF, (air colurmn) see! 0.00 0.48 0.00 0.71 


Nec Neo Nee Nec 
10 1 
1s 10 49 61 2 
37 13 0 #2 i2 
+0) 16 5 . 63 73 
24 21 2 “4 74 
20 25 MM 65 75 
15 33 aS os 7s 
12 41 63 73 S2 
10 ”) “uy 7s sé 
Ww 1.10 1.16 1. 22 





Magnification diameters given in first column. 


magnification for which the error for the telescope 
alone is equal to the error resulting from the air 
column alone for these three cases. This was 
done by noting the value of the magnification for 
which the value of PE, is 1.4 times the value of 
PE, for the air column alone. For curves 2, 3, 
and 4, this condition was satisfied by magnifica- 
tions of 11, 8.5, and 7.5 diameters, respectively. 
For magnifications greater than these, the error 
resulting from the influence of the air column 
predominates, and relatively small gain in pre- 
cision of pointing results with increasing magnifi- 
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AGN" ICATION 
Figure 3.—Probable error of a single pointing (PE,) versus 
magnification. 

Curve 1 shows the variations of PE, with magnification for air column 
eliminated. Curves 2, 3, and 4 show the variation of P/:, with magnification 
for errors arising from influence of the air column of 0.48, 0.60, and 0.71 second, 
respectively. 
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cation. For lower values of the magnification the 
effect of the telescope alone predominates, and 
appreciable gains in the precision of pointing may 
be obtained by increasing the magnification until 
these values are reached. 


IV. Conclusions 


The turbulence of the column of air intervening 
between observer and target is the principal factor 
that places a limit on the ultimate accuracy in the 
The effect of the 
intervening air column is so great that the lowering 
of values of PE, that might be expected with in- 
creasing magnification is, for all practical purposes, 
completely masked for all magnifications above 30 


outdoor pointing of a telescope. 


diameters. In fact, judging by the values |isy 
in table 3, it is probable that a magnification of 
diameters is adequate at least 90 percent of ; 
time in that the average value of PE, for outdy 
pointing in the daytime is only 0.04 second hig! 
for magnification 20 than can be expected fo, 
magnification of 100 diameters. 
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| fo lbe in the Cs Fraction F Five Diff 
f} Alkylbenzenes in the Cs Fraction From Five Different 
Catalytic Petroleum Refining Processes'** 
By Anton J. Streiff ‘ and Frederick D. Rossini 
Am. % 
This report gives the results of the analysis, by measurements of freezing points of ap- 
NBs propriate mixtures, supplemented by analytical distillation, of the four individual Cy, alkyl- 
benzenes (ethylbenzene, o-xylene, m-xylene, and p-xylene) occurring in the product from the 
tP1N . : ' . a , 
following five different catalytic petroleum refining processes: (1) Hydroforming, (2) 
Two-pass Fixed Bed, (3) Three-pass Fixed Bed, (4) Low-temperature Fluid, and (5) High- 
temperature Fluid. The data indicate that the relative amounts by volume of the four Cx 
alkylbenzenes are not greatly different in the five different products being, on the average, 
as follows: ethylbenzene, 12; o-xylene, 21; m-xylene, 48; p-xylene, 19. These amounts 
correspond substantially to those called for in chemical thermodynamic equilibrium for 
the operating temperatures involved. 
I. Introduction the name of the company that supplied the sample, 
eT ee P the approximate temperature and pressure in the 
As part of its war research program, the Ameri- reaction zone, and the charging stock 
in Petroleum Institute Research Project 6 at in ame tee Reade f tallies a" 
ge ie process labeled hydrofor s one 
1 National Bureau of Standards was requested hick aailial alt te wield a nay reformed 
) analyze the individual alkylbenzenes in the C, 9 SC Materia’ oF ihe gasoune range is reo 
ste . ft on en ines tial ivei ; nee ~o in the presence of a catalyst and hydrogen, to give 
action fron re adultere catalytic petrole ‘ one. 
s a : oe . material of nearly the same boiling range but of 
fining processes. The investigation was com- : : : 
; ; appreciably higher aromatic content. 
leted early in 1943, and the results on the com- The pr labeled two-pass fixed bed is 2 
. . 1e “ocess) | Wbbe}let 7O-pass Xe¢ eC S 2 
sition were correlated, by appropriate other ; : eee : 
: . Pricinsiitonit catalytic-cracking one of Houdry design, in which 
pboratories, with manufacturing conditions and 5 ; : aoe 
; si material of the gas oil or heavier distillate range 
ith engine performance, to improve the utility ae ae ables dent 3 hana 
{ these materials as components for aviation fuel is concen in the poaense <8 9 eotinyes 58 6 Sean 
* a eg I aa oy” bed, with the gasoline fraction from the first opera- 
lus report gives the results of the analysis of the : roe ; 
tion repassed through a similar operation. 
nounts of ethylbenzene, o-xylene, m-xylene, and The pr labeled Three-pass Fixed Bed is also 
. . ° e “ocess LADELE( “ee-pass Xe ed. is ais 
xylene in the product from these five different 
italytice whe ta refining processes a catalytic cracking process of Houdry design and 
ie is operated similarly. The charging stock for this 
II. Materials Analyzed process was heavy naphtha accumulated from the 
m4 ’ : two-pass fixed bed process. 
the five lots of material that were analyzed in The process labeled Low-temperature Fluid and 
us Investigation are listed in table 1, which gives the one labeled High-temperature Fluid are cata- 
1¢ name of the process that produced the material, lytic cracking processes in which a fluid catalyst 
. eS — 7 * 
hatte Ree armed as part of the work of the Ametican _ is moved continuously through the reaction zone, 
nstitute Research Project 6a 1e Nationa ureau of Standards is Phy e . . 
p the Analysis, Purification, and Properties of Hydrocarbons. with the catalyst being reactivated in continuous 
per is a revision of a restricted report of the American Petroleum flow through a separate chamber. The charging 
esearch Project 6 at the National Bureau of Standards issued under ° ° . 
1, 1443, with the title “Analysis of the Aromatic Hydrocarbons stock here is kerosine or gas oil. 
Fractions of High Aromatic Stocks from Five Different Plant All of the foregoing processes have been de- 
Pr | before the Division of Petroleum Chemistry of the American scribed many times in technical articles in the 
ar Oe anOS oh Atala Cie, 3. 3. Se Age SO petroleum journals, and readers will readily find 
ssociate on the merican Petroleum Institute esearch ‘ 
them under the names given above or the follow- 
uch} ky benzenes in the C, Fraction 303 


EE 


ort 47 » 











TABLE I. 


Catalytic petroleum refining 


Ss » 
process Supplier 


Humble Oil and Refining Co., Hous- 
ton, Tex, 
Sun Oi! Co., Marcus Hook, Pa 


Hy dtroforming 
Two-pass fived bed 


Socony-Vacuum Oil Co., Paulsboro, 
N.J 

Standard Oil Development Co., 
Elizabeth, N. J. 

Standart Oil Development Co., 
Elizabeth, N.J. 


Three-pass fived bed 
Low-temperature fluid 


High-temperature Muid 


ing: Hydroforming petroleum refining process; 
Houdry catalytic cracking process; fluid catalytic 
cracking process. 

Each of the five materials analyzed may be 
described as that part of the product of the given 
plant process containing all of the four Cy aro- 
matic hydrocarbons, which have normal boiling 
points as follows: Ethylbenzene, 136.19° C; 
o-xvlene, 144.42° C; m-xylene, 139.10° C; p-xylene, 
138.35° C. Each sample was prepared by the 
supplier by distillation of the whole product from 
the given plant process. A small amount of 
toluene (at 110.62° C) and a small amount of 
isopropylbenzene (at 152.40° C) and higher C, 
alkylbenzenes were included in the material 
blended to form the sample for analysis in the 
present investigation, in order to insure the pres- 
ence in the given sample of substantially all of the 
C, aromatic hydrocarbons from the original stock. 
Because some of the samples were prepared so as 
to include more C; and C, aromatics than others, 
the relative amounts of the C; and C, aromatics 
Like- 


wise, the aromatic content of the original material 


to the C, aromatics have no significance. 


as submitted for analysis would depend upon how 
much of the C; and C, hydrocarbons (aromatics 
plus paraffins and naphthenes) was included. 

The data that have an important significance 
are the relative amounts of the four Cy alkylben- 
zenes in the five samples. 


III. Method of Analysis 


The method of analysis developed for this in- 
vestigation is as follows: 

(a) A sample of the material is subjected to an 
analytical determination of the aromatic content 
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Temperature in reaction Pressure in : 
zone (approximate) reaction zone Charging stock a9 
= : 
7 
thiin2 : 
Cc K (gage) atm . 
> ean a —_ . Py ae 
925 406 769 215 15.6 | Selected naphtha. 
SO 44 727 50 4.4 | Gas oil plus heavy distillate fron 
continent and Gulf coast crud 4 
468 41 33 3.2 Heavy naphtha from two-pass 





Information concerning the samples analyzed ; C- 


bed catalytic process. 


S00 427 700 Mirando kerosine. aa 
975 jaa 797 Southwest Louisiana gas o/! 

“5 
by adsorption {1}. The amount of mater ae 
processed in the adsorption experiment is selec 
so as to produce not less than 15 ml of a port) - 
that contains all the aromatics, with only a sn: 
amount or none of the nonaromatic hyip 
carbons. The results of the analytical adsorpty a | 
experiment on the sample from the Hydroformy : 
process are shown in figure 1, and the corres)o: af 
ing results on the sample from the High-tempe 
ture Fluid precess are shown ° in figure 2. | 


(b) Using the aromatic portion obtained 
described in (a), experiments are made to det 
mine the lowering of the freezing point of samp) 
of “pure” ethylbenzene, p-xylene, m-xylene, an 





o-xylene, respectively, produced by the addition fi"! *' 

small measured amounts (in the range 5 to 7 pe — 
cent) of the given unknowns to the given “pur dupa 
compounds. Each such measurement of thi). ctu 
lowering of the freezing point produces a value (fe 
the amount of the given hydrocarbon in the a 
known mixture. This procedure requires that (iBiven ii 
molecular weight of the unknown be known. [jample 
it is not known, a determination of the molecu] Alth« 
weight may be made by measuring the lowering GBnally ; 
the freezing point produced by the addition of BBind ce 


f othe 


>We rk 


small measured amount of the given unknown | 
“pure’’ benzene (provided benzene is known 
to be a component of the unknown). — This metho 
of determining individual hydrocarbons in mi 
tures of hydrocarbons by measurement of freezili 
points is described in detail in reference |2|. Tl 
“unknown” sample for which complete data 













f analy 
uantit 
render 
\ d roc; 
lso pe 
» DD 
5 Figures in brackets indicate the literature references at tly romat 
paper 

* If, as may be probable, there is no significant difference bet 
tive amounts of the four Cs aromatic hydrocarbons at the front ar 
of the aromatic plateau from the adsorption experiment, then the ar 
portion may be taken substantially free of nonaromatic compoun 


arbons 
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VOLUME OF FILTRATE IN ML 

IGURE I. Results of the analytical adsor plion experiment 


on the sample from the Hydroforming process. 


ractive index of the filtrate is civen asa function of its volume. The 
« represented by A measures the aromatic content of the material 
ime constituted by S shows the material that is to be mixed to con- 
e sample of aromatic hydrocarbons (after the ethyl alcohol at the 


sremoved by washing 


iven in table 1 of [2] is the Two-pass Fixed-Bed 
umple listed in table 1 of this report. 

Although the foregoing represents the procedure 
nally selected as being the best for analyses of the 
ind deseribed, actually many more observations 
f other kinds were made on the materials in order 
»work out the simplest and most reliable method 
fanalysis. For example, in order to obtain larger 
uantities of the aromatic portion than are recom- 
ended above, the separation of the nonaromatic 
ydrocarbons from the aromatie hydrocarbons was 
lso performed by a method previously described 
|. This method involves separation of the non- 
romatic hydrocarbons from the aromatic hydro- 
arbons in the adsorption column by displacement 
ith pentane, the subsequent removal of the hydro- 
arbons from the adsorption column with methanol 


lky|benzenes in the C, Fraction 





and the removal from the aromatic hydrocarbons 
of methanol by extraction with water and of 
pentane by distillation. The use of this procedure 
is also described in reference [5]. 

The aromatic content was determined not only 
by the simple adsorption procedure described 
under (a) above, but also by comparison of the 
refractive index of the original material with the 
refractive index of mixtures made by remixing 
known amounts of the aromatic portion and the 
nonaromatic portion, obtained as described in the 
preceding paragraph. 
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VOLUME OF FILTRATE IN ML 


FIGURE 2. 
on the sample from the High-temperature Fluid catalytic 


Results of the analytical adsorption experiment 


cracking process. 


The refractive index of the filtrate is given as a function of its volume. The 
volume represented by A measures the aromatic content of the material 
The volume constituted by S shows the material that is to be mixed to con- 
stitute the sample of aromatic hydrocarbons (after the ethyl alcohol at the 
tail end is removed by washing) 
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The amounts of toluene, of the sum of etuyl- The amounts of C;, Cy, and C, aromatic hyd» 
benzene plus p-xylene plus m-xylene, of o-xylene, — carbons in the aromatic portion of each materia! 
and of the C, aromatics in the aromatic portion, as determined from the analytical distillations, yy 
were determined by an analytical distillation of given in table 3. This table also gives values fy 
about 180 ml of the aromatic portion at a high the molecular weight of the aromatic portion 
reflux ratio in a rectifying column of high efficiency calculated from the data from the analytical dicf 
and low hold-up, using n-decane or diethyl-benzene __tillation and as determined from measurements | 
asa ‘chaser’. These distillations were performed, the lowering of the freezing point in benzene. 
under the supervision of C. B. Willingham, in In table 4 are given values of the amounts 
distilling columns identical with still No. 2 each C, aromatic hydrocarbon determined to be 
described in table 1 of reference [4]. The results the aromatic portion by means of measurements 
of these distillations (except for the relative freezing points, and the sum of the amounts of tly 
amounts of the components) were similar to the four C, aromatic hydrocarbons as so determine 
results presented in figures 8 to 14, inclusive, of It is interesting to note the good accord betwee 
reference {6] the values given in the last column of table 4 wit! 


The molecular weights of the given aromatic the corresponding values given in the third colum 
portions were calculated from the relative amounts of table 3 
of the C;, Cy, and C, aromatic hydrocarbons as In table 5 is given a comparison of the content of fr va. 


determined from the distillation and also from me dete 


. . . , TARLE 3.—Amounts of the C;, Cs, and Cy aromatic hy 
measurements of the lowering of freezing point in 
a carbons in the aromatic portion, and the molecular w: 


benzene, as described in (b) above. of the aromatic portion 
Molec 


IV. Results 
Amounts (© by volume) of weight oft 


The values of the bromine number, and the —e tromatic hydrocarbons ematic pe 


content of olefins, aromatics, and paraffins plus 
naphthenes, for the materials as received, are 


given in table 2. 9/mole 
H vdroforming 0.740.3 | 94.440.5 | 4.940.5 | 106.65 
Two-pass fixed hed 3.34 .5 | 85.04 .5 |11.7% .5/| 107 
Three-pass fixed bed 2.9% .5 2+ .5| 2.94 .5/| 106 
Low-temperature fluid 0.54 .3 | 97.3% .5 | 2.24 .5 | 106.3 


High-temperature fluid 0.54 .3 9+ .5 | 16+ .5 | 106, 


TaBLe 2.—Content of olefin, aromatic, and paraffin plus 
naphthene hydrocarbons in the samples as received 


Content of 


. : varaflins 
. Bromine | Content of Content of I : ; 
Sample number *| olefins® | aromaticse | Plus naph- * Determined independently in two ways, column I giving values 


yah lated from the distillation data, and column II giving values determined 'r 

the lowering of the freezing point in benzene, as described in part III of r 

ence [3]. The molecular weight of a Cs aromatic is 106.16 
Percentage Percentage Percentage 
g/lw¢ by rol by vol. | by col. 

Hydroforming OW) 0440.1 (I) 91.8405} 8.0+0.4 TarLe 4.—Amounts of the four Cs alkylbenzenes in 
(II) 91.34 
Mean 91.6+ 
‘Two-pass fixed bed A (D 55.24 


aromatic portion, as determined from freezing- 


measurements 


(i) ie 3 ‘ 
Mean 55.34 Ethyl- 
Three-pass fixed bed f, } (I) 85.34 $24 Sample benzene p-Xylene m-Xylene o-Xylene 
(Il) %.34 
Mean 85.84 
Low-temperature fluid ; 5a .3 (I) 77.24 ‘ Percentage by volume * 
(IT) 79.0+1. ‘ 
Mean 78.14 . 
High-temperature 5 3 54 (1) 78.44 7.1412 Hydroforming 11. 24 
fluid (11) 80.44 Two-pass fixed bed 1h. 44 


7. 241.2) 45.141: 

) 441.2) 41.641. 

941.2) 48.541. % 
2 


45.7+1.: 


Mean 79.44 Phree-pass fixed bed 8.04 
Low-temperature fluid | 12.94 


High-temperature 
® Determined by R. C. Hardy, Section 3.5, National Bureau of Standards fluid 


> Calculated assuming the olefins to be CyHy and the ratio of the density 
of the aromatics to the olefins to be 1.18 


5+1 


12.4+1.: 441.2 48.641.: 


¢ Determined independently in two ways, (I) giving values obtained by the *® The uncertainty of +1.2 percent assigned to the amount of ea 
simple adsorption experiments (performed by B. J. Mair) described in this matic hydrocarbon in the aromatic portion is the resultant of ar 
report, and (II) giving values obtained by refractive index measurements on uncertainty of +1.0 percent in the determination of the lower 
the original material and appropriate mixtures of the aromatic and non freezing point and of +0.5 percent in the determination of the 
aromatic portions of the original material weight of the unknown tnixture. 
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lene in the five materials as determined by 
urements of freezing points and as deter- 
vod from the data of the analytical distillation. 


5.—Comparison of the content of o-rylene in the 
matic portion as determined (1) from the measurements 


ezing points and (II) from the analytical distillation 


Amount of o-xylene 


Sample 


Percentage | Percentage 
by vol by vol. 
22.6+1.0 
17.641.0 
18.0+1.0 


iroforming 23.5+1.2 
pass fixed bed 16.941. 2 
ree-pass fixed bed 17.641.2 
temperature fluid 24.341.2 23.841.0 


temperature fluid 17.741.2 17.6+1.0 


Tarte 6.—Relative amounts of the four Cs alkylbenzenes as 


clermined from freezing-point measurements * 


Ethyl- 


benzene 


p-Xylene m-Xylene o-Xylene Total 


Sample 


Percentage by volume 


lroforming 2+1.0 
wss fixed bed 6+1.0 

s fixed bed t 20. 34 52. 2+ 9+1.0 
mperature fluid 241.0 


perature fluid : t 0+1.0 


ean value 
difference be 
n the mean and the 
jual values 
num difference be- 
tween the mean and the 


ndividual values ; +1.5 


values given in this table are those from table 4 recalculated to make 
f the amounts of the four Cs aromatics equal to 100 percent. The 
{uncertainty arises only from the determination of the lowering of the 
point, since an uncertainty in the molecular weight of the unknown 
iromatic hydrocarbons does not affect the relative amounts of the 


matic hydrocarbons 


TABLE 7 


In table 6 are given values for the relative 
amounts of the C, aromatic hydrocarbons in each 
of the five different materials, as determined from 
measurements of the lowering of the freezing 
point. At the bottom of table 6 are also given for 
each compound, for the five samples, (a) the mean 
value, (b) the average difference between the mean 
and the individual values, and (c) the maximum 
difference between the mean and the individual 
values. 


V. Discussion 


In connection with the results obtained in this 
investigation, the following conclusions may be 
drawn: 

(a) The relative amounts of the four C, alkyl- 
benzenes are nearly the same in the product from 
all five of the catalytic petroleum refining proc- 
This is clearly shown by the results in 
table 6, which gives the following for the mean 
value and for the average difference between the 
mean and the individual values: Ethylbenzene, 
11.8, +1.3; p-xylene, 18.8, +1.0; m-xylene, 48.4, 
+ 2.0; o-xylene, 21.0, +2.6. 


esses. 


(b) The relative amounts of the four alkyl- 
benzenes are, on the average, within the estimated 
limits of uncertainty, equal to the relative amounts 
that would be expected at thermodynamic equi- 
librium at the temperature at which the material 
This is clearly shown by the 
which gives for each 


was produced. 
results given in table 7, 
process the temperature, the actual amount, and 
calculated equilibrium amount for each of the 
four C, alkylbenzenes. The calculated values for 
thermodynamic equilibrium given in table 7 are 
taken from reference [7]. 


Comparison of the actual composition with that calculated for thermodynamic equilibrium at the given temperature 


(Actual values from table 6 of this report; calculated values from reference |7}) 


Tempera- 


Samp 
am ple ture 


Actual 


ing 1. 041.5 
fixed bed 7 9.04 
0441.5 
erature fluid ri 8.34 


s fixed bed 


perature fluid 4 10. 74 


A\ylbenzenes in the C, Fraction 


Ethylbenzene 


Calculated 


Relative Amounts of the Four Cs Alkylbenzenes 


p-Xylene m-X ylene o-X ylene 


Actual Calculated Actual Calculated Actual Calculated 


46.4+5.0 24. 2+1.0 
47.345.0 19.6+1.0 
46.9+5.0 18. 9+1.0 
24. 2+1.0 
15.945.0 18.0+1.0 


47. 8+5.0 
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I. Introduction 








) This research was undertaken as a part of a 
Drogram sponsored by the Manhattan District, 
S. Army Corps of Engineers. A portion of 
information given in this paper will appear in 
Division VIII of the Manhattan Project Technical 
vies. The following report has been declassified 


v the Atomie Energy Commission. 


| II. Method and Apparatus 

The method and apparatus have been described 
In brief, the method consisted in 
eating the sample in a furnace to a known 


reviously.! ? 


mperature and dropping it into an ice calorim- 
ter that measured the heat evolved in cooling 
he sample to 0° C, 
rated electrically. 


ES a 


The calorimeter was cali- 
The sample was sealed in a 
Wichrome—5 capsule having a screw cap and gold 
The heat capacity of the empty capsule 
Bud the heat lost by the container during the drop 
Bere accounted for by “blank” experiments made 

ith the empty capsule. The temperature of the 

unple in the furnace was measured by a platinum 
platinum-rhodium thermocouple that had been 
alibrated at the National Bureau of Standards. 


i asket 


(rinningss and R. J. Corrueccini, J. Research N. B. 8, 38, 583 (1947 


Ginnings and R. J. Corruccini, J. Research N. B. 8. 38, 593 (1947 


— 


ronium Heat Capacities 





been determined using the ‘“drop’’ method with an ice calorimeter. 


C and specific heat are given. The samples were of high purity. 


Heat Capacities at High Temperatures of Uranium, 
Uranium Trichloride, and Uranium Tetrachloride 


By Defoe C. Ginnings and Robert J. Corruccini 


The enthalpies referred to 0° C of uranium in the range 0° to 900° C, of uranium trichlo- 


ride in the range 0° to 725° C, and of uranium tetrachloride in the range 0° to 425° C, have 


Derived values of entropy 


Two first- 


order transformations of uranium were observed and the heats of transition calculated from 


No evidence of first- or second-order transitions in the chlorides was 


III. Materials 
1. Uranium 


The uranium sample, furnished by H. E. 
Cleaves of the National Bureau of Standards, was 
in the form of rods having a diameter of \ in. 
A spectroscopic analysis of a clean sample of 
uranium taken from the same batch showed im- 
purities of 0.03 percent to 0.04 percent, including 
carbon, 0.015 percent; hydrogen, 0.0005 percent; 
nitrogen, 0.003 percent; and oxygen, 0.002 per- 
cent. These impurities were the most significant 
in computing the correction for impurity to be 
applied to the enthalpy. 


2. Uranium Trichloride 


The uranium trichloride sample was obtained 
from E. C. Evers of Brown University and was of 
the highest obtainable purity. It was prepared 
from sublimed uranium tetrachloride by redue- 
tion with hydrogen and was received in the form 
of a crystalline powder in a sealed glass bottle, 
The following 
chemical analysis was received with the sample: 
U+Cl=99.97 percent; atom ratio Cl/U=3.001; 
material insoluble in water=0.13 percent, cal- 
culated as UQ,. A portion of the sample was 
transferred to the Nichrome capsule in a drybox 
containing P,O;, helium was admitted and the 


which was kept in a desiccator. 
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At the time of the transfer, 
another portion of the sample was taken for 
further analysis. The analysis (performed under 
the direction of J. J. Tregoning of the National 
Bureau of Standards) gave U+Cl= 99.50 percent, 
ratio Cl/U=2.999, material insoluble in 
0.55 pereent, calculated as UO,. A spee- 
trographie analysis performed at the same time 
indicated a total of about 0.08 percent miscel- 
laneous metal impurities (mainly Ca, 0.01 %; Fe, 
0.013 %; Mg, 0.01 %; Na, 0.02 %; and Si, 0.006 
%) and confirmed the belief that 
cipal metallic constituent of the water-insoluble 


capsule was sealed. 


atom 
water 


the prin- 


material was uranium. 
3. Uranium Tetrachloride 


The uranium tetrachloride was distilled in Pyrex 
in vacuum from a sample bearing the analysis, 
U+Cl 3.997. 
A small amount of reddish solid that was more 
tetrachloride was 


99.50 percent, atom ratio U/C 


than the uranium 
discarded in this process, as well as nonvolatile 
products such as UO,. (The UQ, would result 
from contamination of the sample with water, fol- 
Uranium tetrachloride is 
extremely hygroscopic. At the close of the dis- 
tillation, the receiver was sealed. It was next 


volatile 


lowed by hydrolysis.) 


opened in a drybox containing P,O,, the sample 
pulverized with a steel rod, and a portion trans- 
ferred to the Nichrome capsule, helium was ad- 
mitted and the capsule was immediately sealed. 
Samples taken before and after the filling of the 
capsule gave essentially identical chemical analy- 
ses averaging U+C1l=—99.97 percent, atom ratio 
CLU= 4.008. 
the same time indicated the presence of 0.1 per- 
cent of miscellaneous metals (mainly Fe, 0.05 
percent; Na, 0.02 percent; Ca, 0.01 percent; Mg, 
0.01 pereent; Al, 0.005 percent) and 0.1 to 1 per- 
cent of Ni. At the completion of the experimental 
work, the sample was removed from the capsule 
in the drybox and again analyzed, giving U+Cl 
99.64 percent, atom ratio Cl/U = 4.023. 


IV. Results 


Table 1 gives the results of the individual ex- 


A spectrographic analysis made at 


periments. The “apparent” calibration factor * 
of the ice calorimeter was taken as 64.638 calories 
per gram of mercury (1 cal=4.1833 int joule). In 


! sce footnote | 
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columns 2 and 3 are given the masses of merey 
after small corrections have been applied { 
buoyancy, heat leak, change in level of mereyp 
meniscus, variation in capsule weight, and vari. 
tion in the amounts of gas and gold contained 

the capsule. As these corrections are in most cass 
so small as to be barely significant, they are y 
listed separately. They are approximately {| 
same as in a previous report. The masses at 

given temperature are listed in the order in whi 

the experiments were performed, although this \ 
not true of the order in the table as a whole. 


1. Uranium 


The first series of experiments extended up } 
756.7° C, and was made with a sample of uraniw 
that had been pickled in nitric acid to remove ¢! 
surface film of oxide. The air in the capsule wa 
replaced with helium before sealing. It was foun 
in experiments at 790° C that the uranium was « 
tacking the Nichrome capsule. 
experiments in the range 723.9° to 898.6° C wa: 
then made with a portion of the sample on whic 
a thin protective film of oxide had been forme 
In addition, the bottom of the capsule was cover 
with a layer of BeO (about 1 g) in order to redw 


A second series : 


the contact between the uranium and the capsull 
There was no evidence of attack with these prr- 
cautions. The BeO was kept in the capsule during 
the blank experiments of the second series. 


TaBLe 1.—Results of individual experiments 


Mass of Mercury Ll 


lem pera- , 
ture Blank — Ob Calet 
experi- 2 Net F om 


ments with served * lated 
sam ple 


URANIUM, SERIES A (58.7768-GRAM SAMPLE 


calg cal g 


8. 3336 


| 20 * ve 


See footnotes at end of table. 


4 See footnote 2. 
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Results of individual experiments—Continued TABLE 1.—Results of individual experiments—Continued 


Mass of Mercury (H-Hee<) Mass of Mercury (H1-Hoe. 


lrempera- 
Observed ture Blank 
minus experi- 
calculated ments 


Experi- 

ments . Ob- Calcu- 
with served * lated © 

sam ple 


Experi- 

ments ? Ob- Caleu- 
with served * | lated > 

sample 


Observed 
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URANIUM, SERIES B (40.4082-GRAM SAMPLE 
70 
{ 
15.9009 433.9078 | 5173 | 410. 8522 
Is. 2009 29. 172 29. 180 . 
| 15. O41 $8007 | ISO 10. 8463 
17. 2651 2712 23. 0061 36.674 $5. 652 SISS 10, 8533 
17. 7361 41. 1632 23. 4271 37. 345 37. 363 5 5. 7009 13. 6842 
118. GO62 ; ms we 7 5.7092 413. 6808 
| 18, 9184 43. 447 24. 3321 39. 106 39.119 45, 7036 13. 6826 
20. 0762 45. 7132 25, 6370 40. 866 40. S56 M59 415, 7525 
M70 15. 7510 
5690 15. 7480 
URANIUM TRICHLORIDE (16.4069-GRAM SAMPLE 
* Corrected for impurity. 
1. 6051 | > In the cases of a-uranium and UCh, these data were obtained by inter- 
1. 6061 0. 9060 3. 563: , Se ; polation in the smoothed tables of enthalpy before rounding off and with 
allowance for curvature. In the cases of 8 and y-uranium and UCi,these 
values were calculated from equations that were fitted to the observed data 
See text 


1. 6066 


3. Sf 2 

1. 9999 7. 8636 e Corrected for buoyancy 

4 Weighted less due to unsteady heat leak 

¢ Discarded according to Chauvenet criterion 
3. 6631 14. 4012 14. 3870 + { 


AS16 


These experiments followed experiments at temperatures above the first 


| 
aan 
wd 
7 |I 


ansition 

* Interpolated 
olla ». 5326 21. 7406 21. 7539 + Extrapolated 
0097 "| 


OOS 1 @ 


i These experiments followed those at 723.8° C, and are considered to be 


Corrected for effect of corrosion of the capsule. See text 


The second series gave a result at 723.9°C that 

was 0.14 percent higher than that obtained in the 

7.0490 | 19.353 | 36.761 747 first series. This difference could have been 
7 caused by only one part in 10,000 (by weight) 
ons {nce | exers | ness of oxygen, present as U,O,. Accordingly, the 
ow? | difference was attributed to the oxide film on the 
8144 |, sample used in the second series and all results 
= _ 50. 50. 991 ; obtained in this series were corrected by —0.14 
7e08 |] percent. In addition, an estimated correction 
— 4.0155 | 55.084 | 55.053 ' of —0.21 percent for the impurities shown in the 


iffected by corrosion of the capsule by the UCh, at that temperature 
511 
7. G358 31. IS95 
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spectrographic analysis was applied to all results 
inehee ah anh ot ete with uranium, 
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The two transitions of uranium were clear-cut 
No 


attempt was made to determine closely the tem- 


with no evidence of pretransition effects. 
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specific heat, and entropy at even tem- 





For the purpose of 
calculating the heats of transition, the valye 
668° and 774° C were used for the transition tem. 


peratures of the transitions. 


peratures. These were estimated from measure. 
ments by Dahl and Van Dusen® of the variatio, 
of electrical resistance of uranium with tempera. 
ture and may be in error by a few degrees. 
The temperatures the 
transition be closely represented by 4 
simple equation. 
intervals were obtained by graphical interpolation 
and smoothed by adjustment of differences. Thy 
specific heat, C,, and entropy referred to 0°C,S 
So°c, were derived graphically from the enthalpies 
The resuits are given 


results at below first 
cannot 


Enthalpies at even temperatur 


in this temperature range. 
in table 2. 

At temperatures above the first transition but 
below the second, the observed values of enthalpy 
in calories per gram, referred to the a-form at 0°C 
are represented within 0.03 percent by the equation 
(fitted by the method of least squares ) 


H— Hee= — 1.675 + 0.04262t(8-form 
Correspondingly, 


C, 


where ¢ is in deg C. 


0.04262 ( 6-form 


S.e)0% |(8-form 


66S 


” 
S—Src | [Cy.a)/TIAT +1S.s)00s 


S— So°e =0.098144 log, T—0.24690(8-form), 


where 7 is in degrees Kelrin, taking 0°C as 
273.16°K. 

At temperatures above the second transition 
the observed values of enthalpy referred to th 
a-form are represented within 0.06 percent by th: 
equation (least squares) 

H— Hyce=6.326+0.03843t (y-form 
Correspondingly, C,=0.03843 (y-form 


fic : 


Ss Ss Cc 


TMT + (S278 


S.ayo°c](y-form 


0.088481 logy T—€.21318 (y-form 


Values calculated for even temperature intervals 
from the above equations are given in table 2 
The regularity of the data for the 8 and y forms 
would seem to indicate that the two transforma- 
tions were reversible under the experimental con- 
"sAndrew I. Dal Research NBS 39 
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Baffected the results. 
Fevidence of a trend with time in the experiments 


sresult in the group at that temperature. 
presult at 498.9° C which was the only other one 





wns. Certain experiments in the @ range (noted 
ble 1) that were performed after the sample 
./ been heated above the first transition show no 
uificant abnormality. 
ii mav be interesting to note that both the 8 
nd 4 forms have not only constant values of C,, 
ut also have constant values of temperature co- 
slicient of electrical resistance.6 Also, the differ- 
nee between the values of C, for the two forms is 
00 calories per degree-gram atom, which, within 


| »xperimental error, is the value of R/2, where R is 


he universal gas constant. In the absence of com- 
jlete information as to the crystal structures of the 
wo forms, it is not possible to ascribe significance 
o the latter fact. 


2. Uranium Trichloride 


As it was expected that the capsule would be 
ttacked to a slight extent by the UCI, the effect 
f this upon the enthalpy was tested by making a 
rroup of three experiments at 426.7°C at the 
beginning and a similar group at the end of the 
eries of experiments with the sample. The 
average of the results of the final group was 0.14 
percent lower than the average of the first group. 
No consistent variation was noted within either 
group alone, the maximum deviation from the 
mean of a group being 0.007 percent. On the other 
hand the results of the three experiments at 


9723.8° C showed a definite downward trend with 
Sthe order performed over a range of 0.07 percent. 


{t was assumed, therefore, that corrosion of the 
capsule at the higher temperatures had indeed 
As there was no clear-cut 


at 579.0° and 676.4° C,it was assumed that all the 
corrosion had occurred during the experiments at 
725.8°C. With some arbitrariness, the mass of 
mercury that would have been obtained in an 
experiment at 723.8° C in the absence of corrosion 
was taken to be 0.14 percent higher than the last 


The 


723.8° C 


At the 


obtained following the experiments at 
Was also corrected by +0.14 percent. 


Hclose of the experiments, after removal of the 
psample from the capsule, it was found that the 
p latter had lost 17.1 mg, or 0.2 percent, of its mass 


as: result of the corrosion. 


Uranium Heat Capacities 


The correction for the impurities in the sample 
at the start of the experiments was somewhat 
uncertain because of the inconsistency of the two 
chemical analyses, the uncertainty as to the state 
of chemical combination of the spectrographically 
determ:ned impurities, and the fact that the most 
probable forms (oxides or chlorides) of the latter 
have specific heats about three times that of 
UCI, which magnifies their effect upon the results. 
Fortunately, UO, has nearly the same specific heat 
(within 20 percent) as UCl;, which reduces the un- 
certainty resulting from the variance in the amount 
of water-insoluble material found in the sample. 
Making reasonable assumptions with regard to 
the spectrographically determined impurities and 
employing the enthalpy data of Moore and 
Kelly’ for UQg,, led to a total correction for im- 
purities that ranged from —0.17 percent at 50.3° C 
to —0.24 percent at and above 426.7° C. 

A smooth curve was drawn through a plot of 
(F1— Hy2°¢)n5/t Versus t, values were read off at 
even temperature intervals and smoothed by 
adjustment of differences. The specific heat, 
C,= (011 0T),, was calculated from the smoothed 
values of enthalpy by the method of Rutledge * 


t 
and S—Sy°c | (C,/T)dt was calculated by using 
e 


Simpson’s Rule. 
The results are given in table 2. 


3. Uranium Tetrachloride 


The effect of possible reaction between the cap- 
sule and UCI, was tested by making a pair of ex- 
periments at 200.7° C early in the series of experi- 
ments with sample and a similar pair at the end of 
the series. The average of the second pair was 
only 2.1 mg, or 0.03 percent higher than the aver- 
age of the first pair, which is as good agreement as 
could have been expected had the experiments been 
performed at the same time. Accordingly, no cor- 
rection for corrosion of the capsule was applied. 
At the close of the series of experiments it was 
found that the capsule had lost 6.8 mg owing to 
corrosion, or only about one-third as much as for 
the UCI. 

The correction for the impurities in the sample 
was subject to the same difficulties as for UCI,. In 
addition, the chemical analyses were discordant 
in that they appeared to indicate a loss of 0.32 per- 


7G. E. Moore and K. K. Kelley, J. Am. Chem. Soc. 69, 2105 (1947). 
§'G. Rutledge, Phys. Rev. 40, 262 (1932). 
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cent of uranium between the first and second 
analyses, the percentage of Cl remaining constant. 
Actually, there is every reason to believe that no 
detectable change in the sample occurred. The 
only reasonable alteration of the sample to expect 
would have been the loss of Ci (as HCI resulting 
from moisture absorption and hydrolysis) rather 
than the loss of uranium. Making reasonable as- 
sumptions with regard to the impurities led to a 
correction of —0.43 percent. 

The mean specific heat, (77— Hyoc) n./t, was found 
to be practically a linear function of temperature 
above 200°C. The following equation was fitted 
by trial and error (gram basis) : 


H— Hye = 0.07605t + 1.446 * 1058 


0.00122¢ 7 10 0.005164 —0. 000027822 
Correspondingly, 


C, =0.07605 +2.891 * 10-%t 
0.00122[1 — 2.3(0.00516t + 0.00005568) | > 


10 0.005164 —0 OOOURTSL2 


Values were calculated from these equations 
at even temperature intervals and the entropy, 
S—Swye, obtained by Simpson’s rule. The results 


are given in table 2. 
V. Discussion 
1. Accuracy 


The instrumental error is about the same as in 
some previous measurements, where a more de- 
tailed discussion is given. The error involved in 
measuring the temperature of the sample in the 
furnace contributes the major part of this uncer- 
tainty to which a value of about 0.2 percent may 
be assigned. In addition, the corrections for im- 
purity have uncertainties of perhaps one-half their 
own magnitudes or 0.1 percent in the cases of 
uranium and UCI, and 0.2 percent for UC. Tak- 
ing all errors into account, the authors believe the 
corrected and smoothed enthalpies to be within 
0.2 to 0.3 percent of the true values, except for the 
values at 50°C. At and below this temperature, 
the relative instrumental error is larger. 

The specific heat and entropy possess a small 
additional uncertainty resulting from the fact that 
the derivative of a quantity can never be known as 
accurately as the quantity itself in the absence of 


=ce footnote 2 
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a rigid mathematical formulation. This unew 
tainty becomes larger at the ends of the expe 
mental ranges of the data, except for the hig 


temperature end of the uranium and UCI, dayf 


where linear representation of the enthalpy mak 
accurate differentiation possible. The heats , 
transition are accurate to perhaps | percent. 


2. Comparison with other work 


In none of the five known investigations py. 
senting data comparable to those of this report wa 
a correction applied for impurities, although on) 
one of these authors ® claimed to have a samp! 
The hea 
capacities of uranium and its compounds 


that was pure within analytical error. 


exceptionally sensitive to the presence of inf 


purities, because the specific heats of the latiy 
are usually several times as large as that of {| 
pure uranium or uranium compound. As {ly 
samples used in the present investigation were 
high purity, and as a correction was applied \) 
each case to account for the presence of impurity 
it was to be expected that the results of the oth 
investigations, with the exception noted, would } 
the higher, calorimetric errors being left out o 
account. 


In order to permit a condensed presentation o! 
the data for comparison purposes, values of (, 


and (/7—//,.,.)/t in calories per degree-mole divide 
by the number of atoms per molecule are giv 
in figure 1 for all three substances. 
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Fieure 1. True and mean heat capacities 


H—Tlecit . NBS (smoothed): @, \! 


Kelley C;: 


. NBS (observed 
. NBS (derived). 


*(, Zimmerman, Liebigs Ann. Chem, 216, i4 (1883). 
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(a) Uranium 


The specific heat of a sample of unstated purity 
as been determined from low temperatures up 
9 27° C by E. A. Long, W. M. Jones, and J. 


‘ordon in the laboratory of W. F. Giauque at 
he University of California. Their values are 


Bower than those of this investigation, the differ- 
Brace decreasing from 1.0 percent at 2 


7° C to 

3 percent at 0° C. These authors appear to 
Jaim an accuracy of 0.2 percent in this range. 
he specific-heat curve from the present investi- 
ration, if extrapolated downward, would become 
angent to the above authors’ results at about 
30° C. 

The enthalpy (referred to 25° C) of a 99.71-per- 
‘ent-pure sample has been measured at tempera- 
tures up to 1,000° C by Moore and Kelley.” 
These data were converted to the same basis as the 
enthalpy data of this paper by addition of the 
quantity, Hose—Hee=0.688 cal go', taken from 
the report of Long, Jones, and Gordon.” The 
converted enthalpy data of Moore and Kelley 
were found to average 0.8 percent higher than 


those of the present investigation. The com- 


Sparison is shown in figure 1, where the enthalpies 


have been converted to mean specific heats, (/7— 
Hye) t, in order to give a representation that is 
more sensitive to the small differences between the 
two sets of data. For the 6-form, the data of 
Moore and Kelley give C,=0.04360 cal g~' deg! C, 
that is, 2.3 percent higher than the value in this 
For the y-form, Moore and Kelley's 
results give C,=0.03822 cal g~' deg™' C, which is 
0.5 percent lower than the value in this investiga- 


investigation. 


)tion. Comparison of the values of C, for the a-form 


is not as informative, as Moore and Kelley’s values 
must be obtained from an equation for the en- 
thalpy that does not represent the data as closely 
as did the equations given by them for the higher 
forms. 

The mean specific heat between 0° and 98.7° C 
was measured by Zimmerman,'* who obtained 
as the mean of three ex- 
periments covering a spread of 1.5 percent. His 
sample reportedly was 100.0 percent pure. Blum- 
cke © later disputed the interpretation of the data 


0.0277 eal g' deg C 


( fied report submitted to the Manhattan District, U. S. 
Engineers 


Army 


ootnote 7. 
tnote 11. 
~otnote 10, 


mmeke, Ann. Physik, (IIIT) 24, 263 (1885). 
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in these experiments and calculated the result to 
be 0.0280. These values are, respectively, 2 per- 
cent and 1 percent below the result of this investi- 


gation. 
(b) Uranium Trichloride 


The specific heat of a sample of unknown purity 
has been determined from low temperatures to 
107° C by W.J. Ferguson and J. L. Prather ' at the 
National Bureau of Standards. They give C, 
0.0713 cal g~' deg ~' C at 0° C, which is 1 percent 
higher than the result of the present investigation. 
They report C,= 103 cal mole~' deg™' C (equivalent 
to 0.0715 cal g' deg™' C) for all temperatures from 
17° to 107°C. This result is identical with those 
of this investigation from 53° to 107° C within the 
uncertainty of the number 103, or 0.5 percent. 
Correspondingly, the mean specific heat between 
0° and 100° C is calculated to be 0.07147 cal gu! 
deg! C, or 0.5 percent higher than the result of 
this investigation. 


(c) Uranium Tetrachloride 


The specific heat of a sample of unspecified purity 
has been determined from low temperatures to 
82°C by W. J. Ferguson, J. L. Prather, and R. B. 
Scott.” Their results above 0°C are 0.3 to 0.6 
percent higher than those of this investigation. 

The experiments at 211.3° and 221.8°C in this 
investigation were performed with the intent of 
disclosing the second-order transition reported 
found at 211° by N. W. Gregory.'® Such a transi- 
tion would appear as a sudden change in slope of 
the plot of mean specific heat versus temperature. 
The deviations of the results at these temperatures 
from the function chosen to represent the data 
were, indeed, much larger than for the other results 
(see table 1). However, in view of the facts that 
only two experiments with the sample were made 
at each of these temperatures, and that values 
for blank experiments were obtained by interpola- 
tion rather than by direct measurement, it appears 
that the deviations (0.11 and 0.23 percent, 
respectively) of these results from the curve are 
not significantly greater than experimental error 
would allow. It can only be concluded that if 
this transition exists, it is quite small and occurs 


999° . 
above 222°C for a pure sample. 
16 Classified report submitted tothe Manhattan District, U. 8. Army Corps 
of Engineers, 
i? See footnote 16 


18 See footnote 16 








VI. Summary transformations in uranium are given. No 
dence was found of first- or second-order (rays. 


. The enthalpies of uranium, UC ls and [ l, at tiens in UCL or UCL. 
high temperatures have been determined. Values 
of specific heat and entropy have been derived. WaAsHINGTON, Mav 23. 1947. 


Values of the heats of transition of two first-order 
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Specific Heat, Enthalpy, and Entropy of Urany] Fluoride'’ 
By Paul F. Wacker and Ruth K. Cheney 


The heat capacity of uranyl fluoride was measured from 13° to 418 


K by using a vacu- 


um-type calorimeter equipped with thermostated radiation shields. From the data so 
obtained, the enthalpy H°—H§ was calculated to be 63.96, 77.62, and 108.15. int. 
joules per gram at 298.16°, 338.16°, and 423.16° K, respectively, and the entropy was cal- 
culated to be 0.4400, 0.4830, and 0.5635 int. joules per degree-gram at the same tem- 


peratures, 


No evidence of a transition was found. 


The values of the specific heat, enthalpy, 


entropy, and free energy are tabulated at 5-degree intervals of temperature. 


I. Introduction 


This investigation of the thermodynamic proper- 
ties of uranyl fluoride was undertaken in connec- 
tion with the Manhattan project and is a part of 
the program carried on during the war by the 
Heat and Power Division of the National Bureau 


of Standards. 
II. Material 


The uranyl fluoride used in this investigation 
was prepared by H. F. Priest of Columbia Univer- 
sity. The material, after being dried at 130°C 
for 4 hours, was placed in the sample container. 
Air was removed by pumping until a high vacuum 
was obtained, helium was admitted at a pressure 
of 20 mm Hg, and the container was sealed with 
The helium was added to promote the 
rapid attainment of thermal equilibrium. The 
observed heat capacity was adjusted for the pres- 


solder. 


ence of this helium. 

Before the material was used in the calorimeter, 
an analysis made by the SAM Laboratories of the 
Carbide and Carbon Chemicals Corporation 
showed the sample to contain 77.19 weight per- 
cent of uranium and 12.6 weight percent of fluo- 
rine. Following the calorimetric measurements, 
the Uranium Section of the National Bureau of 


s document is based on work performed for the Atomic Energy Project, 
¢ information contained therein will appear in Division VIII of the 
nal Nuclear Energy Series (Manhattan Project Technical Section) as 
‘the contribution of the National Bureau of Standards. 

ented before the September 15, 1947, meeting of the American Chemi- 


ets 


Specific Heat of Uranyl Fluoride 


Standards found the sample to contain 77.28 
percent of uranium and 12.1 percent of fluorine. 


The theoretical percentages are 77.28 and 12.33. 
Spectroscopic tests for 34 elements showed less 


than 0.07 weight percent impurity. The diffi- 
culties in fluorine analysis are such that it is 
probably improper to base any conclusions re- 
garding purity of the sample on observed fluorine 
content, 


III. Apparatus and Procedure 


The calorimeter used in this investigation was 
of the adiabatic, vacuum type described by 
Southard and Brickwedde [1] °. The sample con- 
tainer was the one used in the determination of 
the heat capacities of GR-S rubber [2] and poly- 
vinyl chloride [3]. 

The system, including the measuring circuits, 
was very similar to that used by Scott, Mevers, 
Rands, Brickwedde, and Bekkedahl [4] to deter- 
mine the heat capacity of butadiene, except for 
the following: The apparatus was designed for 
measuring the heat capacities of solids and so had 
no filling tube or attendant parts. The shield 
was suspended by means of fine wire, and the 
sample container was in turn suspended from the 
shield by means of linen cord. A copper, rather 
than an aluminum, shield was used on the bottom 
of the sample container to prevent heat losses 
from the exposed ends of the heater. The sample- 


Figures in brackets indicate the literature references at the end of this 


paper. 
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container heater was located in the thermometer 
well, which was filled with lead-tin eutectic solder. 
The side and bottom shield heaters were controlled 
individually. In order to improve the ease of 
controlling the radiation shields at temperatures 
above the ice point, an auxiliary heater was 
wrapped on the outer wall of the vacuum chamber, 
and the chamber was surrounded by a stirred oil 
bath. The auxiliary heater was used to keep this 
wall at a temperature only slightly below that of 
the shields and sample container. Its re- 
sulted in a substantial improvement in_ shield 
control. Temperatures were measured with plati- 
num resistance thermometer L15 (thermometer 
P), whose calibration is described in reference [5}. 

The methods of measurement and of calcula- 
tion were similar to those described in the paper 
on butadiene [4]. The tare-heat capacity measure - 
ments were made on the empty sample container, 
and the gross-heat capacity measurements were 
made with 58.015, grams of uranyl fluoride in the 
container. Because of the negligible vapor pres- 
sure of the material, it was unnecessary to correct 
the heat capacities for vaporization. Specific 
heat measurements were regularly made with 
both high and low heating rates, the rates vary- 


use 


ing as much as from 0.63 to 2.18 degrees per 
minute. This procedure provided a test for a 
large proportion of the errors that might occur in 


the measurement of heat capacity, but would not 


t>* NET HEAT CAPACITY 


have revealed an error whose magnitude per wni 
time was proportional to the heating rate. 


IV. Calculations and Results 


The observed heat capacity data were plotte 
as deviations from empirical equations.  Froy 
the resulting deviation curves, values were req 
at uniform temperature intervals, and table 
were constructed giving both the gross- and tare. 
heat capacities at 2.5-degree intervals below 115 
K and at 5-degree intervals at higher temperatures 
Subtraction of the tare- from the 
capacity gave the net heat capacity, which was 
extrapolated to 0° K by means of the Deby 
equation C=0.8359 D (117/T). This equatior 
represented the experimental data satisfactorily 
at 20°, 25°, and 30° K. 

Due to graphical methods involved in getting 
the table of net-heat capacities, small irregulari- 
ties could be detected in the higher differences 
To reduce these, an analytical smoothing proces 
The smoothed value corresponding 


ere yss-heat 


was applied. 
to a given unsmoothed value was found by multi- 
plying the unsmoothed value and the four adjacent 
unsmoothed values on either side of it by a set of 
coefficients. A number of such smoothing proe- 
esses have been devised. The one adopted in the 
present work was developed by Harold W. Woolley 
In it the coefficients were chosen to minimize thie 
squares of the random parts of the first differences 
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oh a manner that the process would make no This provided a check on the accuracy of the in- 











fjicant change in functions for which the fourth tegrations. _Simpson’s rule was used at the higher 
- . . , ” 1c NS . eval , ‘ ° xd 4 . 
higher differences were negligible. The temperatures. Between 20° and 115°K, a tabular 
thing operation introduced no changes in the integration formula involving four rather than 
lotte ile as large as the probable experimental error. three successive tabular entries was used, and 
. nan a » " . » & ° ; . . “ar ’ oma 7 
Fron rhe enthalpy was calc ulated from the formula below 20°, the integrals were obtained directly 
. ’ ‘y’ > . . . . bd ; " . . . . 
read PRL £CedT, while the entropy was obtained from the Debye equation. The results are pre- 
. vO 10/1 re ° var 4 " . 
tables Pfrom the equation S S(C°/T)dT. The free sented in table 1. The dashed lines in figure 1, 
are. orey was calculated from the relation F° representing 0.5 percent of the heat capacity, show 
tare energ 5 3 
ge Oe . -_ ° CO Pe 
13 (S°dTand also from the relation F°=H°— TS°. the temperature trend of the specific heat. 
tures 
s-heat 7 
ABLE 1.—Heat capacity, enthalpy, entropy, and free energy of uranyl fluoride 
1 Was 
Jebye 1 ( 1-H Ss (F°—H T Cc H—-H s (F°—H 
lator 
torily K Int. j/g) °K Int. jig Int. j/g) °K Int. jig CK Int.j/g)°K Int. jig (Int. j/g) °K Int. jig 
0. G0000, 0. 00000 0. 00000 0. 00000 215 0. 2049 37. 626 0). 33687 34. 802 
00051 00064 OOOLT ooo21 220 2079 39. 107 34368 $6. 503 
»ttin ’ . 00408 ols OOLSS 00839 225 S008 1). 604 B01 38. 238 
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Utari- s 02333 1378 00943 0508 | 235 3064 43. 641 36361 41, 808 
‘THees 
O3386 2803 OLS7TS 1133 240 3090 45.179 37009 43. 643 
" "PSs - 
Oe ' O4478 4768 (2288 2005245 3116 46. 731 37649 4. 518 
nding $5 OS567 7280 03060 3431 250 3142 #8. 205 SR281 417. 400 
u (6637 1. 0331 OSS74 5163 255 3106 40. 872 s8405 40. 337 
nuit. j O7T747 1, 3925 719 7310 260 3190 51. 462 39523 51. 208 
acent & 
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a Une r} 13573 1, 0951 (395 2. 4817 285 3300 50. S79 42503 61. SAS 
olley 
etl 14362 4. 7933 10358 2 200 3320 61. 235 43079 63. 604 
e 
7 , “ 15261 5. 5333 11313 3. 5174 295 2339 62. 900 . 3648 65, S62 
ences s 16310 6. 3220 12289 4. 1070 300 3357 4. 574 44210 68. O58 
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" ISN47 8. GR4 15147 6. 1638 315 3406 60. 647 45860 74.814 
é 19439 9. 9404 16081 6.9446 320 3422 71.354 . 46398 77. 121 
4 207 10. G28 lage 7. 7713 325 3438 73. 069 46030 7Y. 454 
af 2070 11.947 17005 &. 6443 330 3404 74. 792 17456 SI.S14 
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S 2717 27. HOS 28653 23. 878 305 4627 07. S58 ASR31 114. 776 
= is 2753 20. 066 29403 25. 330 400 3638 9. 674 4288 117. 480 
2788 30. 451 30141 26, S18 4105 3648 101, 495 ‘4741 120, 206 
2822 31.854 WATO 28 343 100 4658 103. 321 HALSY 122. 04 
2854 33. 273 41589 29. 906 415 {00s 105. 153 ANG33 125, 725 
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V. Discussion 


Although tests were made for transitions, none 
were found. 

The probable error in the tabulated values of 
the specific heat of the sample used in this investi- 
gation is estimated to be 0.1 percent from 40° to 
250° K. Below 40° K the error is larger, perhaps 
reaching | percent at 20° K. As radiation be- 
comes an important source of error above room 
temperature, the probable error above 250° K may 
become as large as 0.5 percent. These estimates 
do not include errors due to impurities in the 
sample. Although there is probably no reliable 
evidence for more than 0.07 weight percent im- 
purity in the sample, the lack of detailed know!l- 


edge of the purity does introduce some (nee; 


tainty in the results. 


VI. References 


[1] J. C. Southard and F. G. 
Soe. 55, 4378 (1933). 

[2] Robert D. Rands, Jr., W. Julian Ferguson, and J: 
L. Prather, J. Research NBS 33, 63 (1944 

[3] Robert D. Rands, Jr. and Robert E. MeCoskey. | 
published, 

[4] Russell B. Scott, Cyril H. Mevers, Robert D. Rands, J 
Ferdinand G. Brickwedde, and Norman Bekkedg 
J. Research NBS 35, 39 (1945) RPI661L. 

[5] Harold J. Hoge and Ferdinand G. Brickwedde 
Research N BS 28, 217 (1942) RP1454. 


Brickwedde, J. Am. Cly 


Wasninearon, July 20, 1947. 


Journal’of Research 


RP 159; 











Pre 
eletert 
hydro 








bolefin: 
Th 
Stand 
and 1 
hvdre 
stitut 
The 1 
In ap 
Petro 
Nati 


inves! 





» prope 
+ 


r 


Puri: 











Deer. 


|. S. Department of Commerce Research Paper RP1833 
.,onal Bureau of Standards Volume 39, October 1947 


Part of the Journal of Research of the National Bureau of Standards 





Purification, Purity, and Freezing Points of n-Decane, 
4 Alkylcyclopentanes, 9 Alkylcyclohexanes, 2 
Monoolefins, 1, 2-Butadiene, and 2-Butyne of the API- 

| Standard and API-NBS Series” 


By Anton J. Streiff*, Evelyn T. Murphy,’ Janice C. Zimmerman,’ Laurel F. Soule,’ 
Vincent A. Sedlak,? Charles B. Willingham, and Frederick D. Rossini 


This report describes the purification and determination of freezing points and purity 
of 18 hydrocarbons of the API-Standard and API-NBS series, including one paraffin, four 
alkyleyelopentanes, nine alkyleyclohexanes, two monoolefins, one diolefin, and one acetylene. 


I. Introduction II. Materials 


The starting materials were supplied as follows: 
By the API Research Project 45 on the “Syn- 
thesis and Properties of Hydrocarbons of Low- 
Molecular Weight” at the Ohio State University, 
Columbus, Ohio, under the supervision of C. E. 


Previous reports described the purification and 
determination of freezing points and purity of 66 
jivdrocarbon compounds of the API-Standard and 
API-NBS series, which were produced as part of 
the cooperative program on standard samples of 





ape Boord: 
ivdrocarbons of the National Bureau of Standards 
and the American Petroleum Institute [1, 2, 3].° ng i tar 1,1,3-Trimethyleyclo- 
ai , om ‘ : cis-1,3-Dimethyleveclo- hexane. 
This report deseribes the purification and determi- eee 
‘ ‘ : ‘ . hexane. n-Butyleyelohexane. 
nation of freezing points and purity of an addi- trans-1,3-Dimethylevelo- Isobutyleyclohexane. 
tional IS hydrocarbon compounds under this hexane. sec-Butyleyclohexane. 
cooperative program, including n-decane, 4 alkyl- n-Propyleyclohexane. tert-Butyleyclohexane. 
evclopentanes, 9 alkyleyclohexanes, 2 mono- lsopropyleyclohexane. 2-Butyne. 
olefins, 1,2-butadiene and 2-butyne. By the Hydrocarbon Laboratory at the Penn- 
The final lots of the material labeled API- sylvania State College, State College, Pa., under 
Standard are sealed “tin vacuum” in glass ampoules the supervision of F. C. Whitmore: 
and made available as NBS standard samples of 1-Methyl-1-ethyleyelopentane. 
hydrocarbons, by the American Petroleum In- cis-1-Methyl-2-ethyleyelopentane. 
stitute and the National Bureau of Standards. 3,3-Dimethyl-1-butene. 
The ater 1 e IILN . ic roils » . ° ‘ ~ 
The material labeled API-NBS is made available By the Standard Oil Development Co., Esso 
“ appropriate small lots, through the American Laboratories, Elizabeth, N. J., and Baton Rouge, 
trole ws. . aeieneiitea a a » : 
‘ trole um Institute Research Project 44 at. the La., through W. J. Sweeney: 
National Bureau of Standards, on loan to qualified 6 titania 
. : ,2- diene. 
jinvestigators for the measurement of needed F ; 
By the Tide Water Associated Oil Co., Asso- 





properties, 


, 
7 . ‘ . . 
= ciated, Calif., through H. Y. Hyde: 
} . 
Bs vestigation was performed at the National Bureau of Standards Cyclopentane (B) # 
the work of the American Petroleum: Institute Research Project 6 > — : . ‘ 
\nalysis, Purification, and Properties of Hydrocarbons By the API Research Project 6 at the National 
nted before the Divis ‘ *e » Chemis he eric . , scare ° 
re the Division of Petroleum Chemistry of san American Bureau of Standards, through F. D. Rossini: 
society at the meeting in New York, September 1947 
reh Associate on the American Petroleum Institute Research Project n-Decane. 
National Bureau of Standards 
-Octene 
) brackets indicate the literature references at the end of this — wens. 
4 See footnote “a” of table 2. 
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TarLe 1.—Information on the purification of 18 API-Standard and API-NBS hydrocarbons 











Hydrocarbon Distillation ' 
charged 


Storting 





Amount of Number 


for hydrocarbon, Distilling of Reflux 
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distillation theor- 
m the Column etical roto 


aze0tropre | number | plates | 
\(Opprox 
Volume Purity distillate * | (approx ) ' 











moie percentage | 


ters percent | by vo 














Porottins 


n-Decane | O |985520 Reg 
99842002! Reg 


Alkyicyclopentanes 
ich oO 
Det: 


ons i 


Cyclopentone (8) Tide Woter Assoc, na Reg 
t-Methyl-|- ethyicyclopentone Penn State Azeo 


cis! Methy!- 2-effyicyclopentone| Penn Stote 940205 } Azeo 
| 


| Reg 

99822008) Azeo 

Albyicyclohexanes | . 
| | » The 

crs ~ |, 3- Oumethyicyclohexone APIRP 4S Reg \PIRE 





Isobutyicyclopentane APIRP45 





Reg 
99 892005) Azeo 


trans~!, 3- Dwnethyic yclohexane * APIRP 45 | Reg 
Azeo 


n-Propyicyclonexane | APIRPSS Reg ‘ me Tick 
™ APIR! 
ureau ¢ 


e The 








Azec 
99<840081 Azeo 
| 


lsopropyic yclonexane | APIRP4S | Reg 
98 820! | azeo 


11,3- Tremethyicyciohexone APIRP4S 
9964*008) Azeo | Me Cell 





n-Butyicyclohexane | APIRP4S 


| Reg 
99872008 | Azeo | Buty! Cell 


lsobuty!cyclohexane APIRP 45 Reg 
99752009) Azeo | Buty! Cel! 


sec -Butyicyclohexone APIRP45 Reg 
| | Azeo |Butyl Cell 


tert- Butyicyclohexone | APIRP45 Reg 
99941003) Azeo Cell 


Oletins 





3,3- Dimethy!- + butene Penn State {988620 !5 


-Octene | apres? 
| 3970+0 13 
Diolefins 


1,2- Butodiene Std On Dev 


Acetylenes 











2-Butyne APIRP45 Reg 1so/! 
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III. Purification 


= that described in the previous reports [2, 3]. 


ach of the compounds. 


jons are deseribed in reference [5]. 


Footnotes for Table 1, Page 322. 


» See footnote “a” of table 2 
The abbreviations represent the following laboratories 
tate University, Columbus, Ohio 
« College, Pa 
Std. Oil Dev 

th, N. J. and Baton Rouge, La 

Tide Water Assoc.; Tide Water Associated Oil Co., 


weau of Standards, Washington 25, D. C 
¢ The abbreviations are: Azeo., azeotropic; Reg., regular 


juty! Cell, butyl Cellosolve (ethylene glycol monobuty! ether 


watory funnels 
‘ See reference [5] for further details 
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Associated, Calif 
APIRI'6: American Petroleum Institute Research Project 6 at the National 


ecovered by extracting the azeotrope-forming substance with water 


Je | summarizes the amounts of the starting 
ls and gives some additional information 


The procedure followed in the process of purifi- 
tion and determination of purity was the same 


In addition to the name of the laboratory supply- 
w the starting materials, table 1 and its footnotes 
ive complete information for each distillation for 


Details of the distillation apparatus and opera- 


APIR P45; American Petroleum Institute Research Project 45 at the Ohio 
Penn State; Hydrocarbon Laboratory at the Pennsylvania State Colleg 


Standard Oil Development Co. Esso Laboratories, Eliza- 


The abbreviations are: Cell., Cellosolve (ethylene glycol monoethyl 
ther); me. Cell., methyl Cellosolve (ethylene glycol monomethyl! ether); 


* Approximate value obtained from the actual volume of hydrocarbon 


Figures 1 to 32, inclusive, show graphically the 
results of the distillations listed in table 1. These 
figures give, as a function of volume of hydrocar- 
bon distillate, the refractive index (np at 25° C, 
to 0.0001), the boiling point of the distillate (at 
the controlled pressure of 724.5 mm Hg, to 
+0.01° C), the freezing point of selected fractions 
of hydrocarbon distillate (in air at 1 atm usually 
with a precision near +0.003° C), and the purity 
of the hydrocarbon distillate. The letters WX, 
Y, Z indicate the disposition of the material, as 
follow: W, returned to the laboratory supplying 
the material; .Y, blended for redistillation; Y, 
used for the API-Standard material; Z, used for 
the API-NBS material. 


« Obtained by purchase of commercially available material from the Con- 
necticut Hard Rubber Co., New Haven, Conn 

» One of two similar charges 

i This charge consisted of material, having substantially the same com posi- 
tion, from each of the two previous distillations (see footnote “h"’ 
” of table 2 
k See footnote “g” of table 2 
' One of three charges of similar material, two of which were 5.990 liters each, 
Both cis and trans-!,3-dimethyicyclo- 


i See footnote * 





and the third of which was 2.50 liters 
hexane were obtained from this material (see fig. 8) 

™ This charge consisted of material, having substantially the same com- 
position, from each of the three previous distillations (see footnote “I'’) 

® The 1.05 liters for this charge consisted of 0.93 liter from the first distilla- 
tion in column & (see fig. 12), and 0.12 liter which was a second lot of a-propyl- 
cyclohexane supplied by the API Research Project 45 

© This is a third lot of n-propyleyclohexane supplied by the API Research 
Project 45. 

»® Total volume of the API-Standard sample was 1,260 ml 

@ One of two charges of similar material, the second of which was 6.28 liters, 

' This charge consisted of material, having substantially the same com posi- 
tien, from each of the two previous distillations (see footnote “*q"’) 
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As demonstrated in the previous reports [2, 3], 
the blending of fractions of distillate for the prep- 
aration of material of the highest purity can be 
done safely only on the basis of freezing points of 
selected fractions. 


IV. Freezing Points, Cryoscopic Constants, 
and Purity 


Table 2 gives the following information for each 
of the 18 compounds, except as otherwise indi- 
cated: The kind of time-temperature curves, 
whether freezing or melting, used to determine the 
freezing point [6]; the freezing point of the actual 
sample, in air at 1 atm [6], for both the API 
Standard and API-NBS lots; the calculated value 
of the freezing point for zero impurity [6]; the 
value of the eryoscopic constant, determined from 
the lowering of the freezing point on the addition 
of a known amount of an appropriate impurity 
6]; and the resulting calculated amount of im- 
purity in the API-Standard and the API-NBS 


material. 





Grateful acknowledgment is made to the other 
organizations and individuals listed in section I 
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of this report for their contributions of materiy 
for use in this work. 


V. References 


[1] NBS Tech. News Bul. No. 350 (June 1946). 

[2] A. J. Streiff, E. T. Murphy, V. A. Sedlak, C. B. Wi 
ham, and F. D. Rossini, J. Research NBS 33, 
(1946) RP1752. 

[3] A. J. Streiff, E. T. Murphy, J. C. Cahill, H. F. Fig 
gan, V. A. Sediak, C. B. Willingham and } 
Rossini, J. Research N BS 38, 53 (1947) RP1760 

{4] A. R. Glasgow, Jr., E. T. Murphy, C. B. Willingha 
and F. D. Rossini, J. Research NBS 37, 141 (194 
RP1734. 

[5] C. B. Willingham and F. D. Rossini, J. Research \j 
37, 15 (1946) RP1724. 

[6] A. R. Glasgow, Jr., A. J. Streiff, and F. D. Rossi: 
Research NBS 35, 355 (1945) RP1676. 

[7] American Petroleum Institute Research Project 44 
the National Bureau of Standards. Selected va 
of properties of hydrocarbons. Tables Iz, 2z, 
52, 62, 7z, and 8z. 

{8] American Petroleum Institute Research Project 4! 
the National Bureau of Standards. Selected Va 
of Properties of Hydrocarbons. Table 7a. 











Journal of Research {Puri 











id 
1760 

llingha 
41 (194 


irch NJ 


tOssil 


44 


ed va 


ect 


11 
“d Va 


ect 






































TaBLe 2.—Freezing points and purity of 18 API-Standard and API-NBS hydrocarbons 
| Kind of Freezin Calculated 
|time - temperature point o amount of 
observations the actual Freezing point Cryoscopic impurity 
Compound? pn peng for zero imperty constont® pian 
the freezing in air in air at | atm A selected 
pont? at | atm sampled 
API | = API API API 
Standard | NBS Standard NBS 
Porotfins | 
oa | F 29.680 | -29.677 | - 29.673 10.005 0.0585) | 004+0.02 jop23+0,018 
Aluyleyclopentanes | 
Cyclopentane (B F 93.902 | -93 887 93.77 2004 * 2.00227) pues nes 
Methy!-!- ethyicyclopentane F and M 143 83 4382 143, 800 tO.018 00444 | 0.1320,08 | 0.09:0.08 
cis -I-Methy!-2-ethy!cyclopentane F andM 06.05(1) | -106.01(1)| -105.95 +£0.05(D 0.0480(I r 4810.24 |0.29*0,24 
| 106.62 +t0.05(D(u) | | | 
sebutyic yclopentane M 115.264 |-115 254 |-5.225 40.020 | 0.0405 016 +008 | 0122008 
Alkyicyclohexanes 
cis \,3- Dimethyicyclohexane’ M 75 588 75 579 75.560 #0 015 *(0.0333 009:005 | 006'°0.05 
trans-I,3-Dimethylcyc lohexane ® M - 90145 | 90.134 |-90100 t0020 *(0.035 0.!6 0,07 | 0.12 0,07 
aPeappicysiohenone M 94924 |-94 918 | -94.900 +0.015 0.0324 0.08+0.05 0.06 :0.05 
isopropy!cyc lohexane Fand M “89432 --89416 89.390 t0.020 0.0373 0.16 2007 |010 :007 
|. 3-Trimethyicyclohexane FandM -65.83) 65 809 | 65.750 £0020 0.0260 0.212005 | 015 2005 
n-Buty!cyclohexane M -74747 |-74 736 | - 74.725 £0010 | 0.0385 0.08 004 (00420039 
isobutylcyclohexane M -94 8390)| 948300) -94.78 +0.03(I | 0.0291(1) | 017 20.09 |0.15 *0,.09 
-95.72 oe 
sec-But yicyclohexane '"0.300.20|"(0.25:020) 
tert-Butylcyclohexane M - 41.173 |-as 170 |- 41.158 too01I0 | 0.0303 1005003 |0.04+ 0.03) 
Olefins | | 
33-Dimethyt-butene FondM 415.370 |-115.365 | -115.20 to12 *10.00530_ | 0.09+006 | 0.09: 0.06 
|-Octene Fand™M -i01.748 |-101.746 | 401.710 0020 0.0637 024 '0.13 [23590 3 
Diolefins | | 
|, 2-Butadiene M “136.209 | 436.204 | 136.190 tooi2 | 0.04462) | a087005 |006 2008 
Ace tylenes | | | | 
2-Butyne FandM  |- 32.296 | -32.281 | - 32.260 *Q020 “0.010 —_ |ave9*a038 |0041:0038! 
he jee ae Ses 
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following the name of a compound indicates that for the API-N BS 
t is a second (and usually slightly purer) sample of the given com- 
See reference [4] 

See reference [6] for experi- 


the first sample of which is labeled (4). 
idicates freezing and M indicates melting. 


| details and the definition of the cryoscopic constant 


na given hydrocarbon has more than one crystalline form, the several 


will be labeled I, II, and III, in order of decreasing temperature of 


wrat 


ssearch fm Puri 





r freezing point). Forms other than I will be, at their respective 
points, in metastable equilibrium with the undercooled liquid, but 
nstable with respect to transition to some other solid form at the same 
ire and pressure (1 atm). This is indicated by a letter « in paren- 
owing the Roman numeral 
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4 The values in this column, except as otherwise indicated, were calculated 
as described in reference [6], using the values of the cryoscopic constants and 
freezing points for zero impurity given in the preceding columns 

¢ Not determined in this investigation. From the “2” tables of the Ameri- 
can Petroleum Institute Research Project 44 [7] 

‘ This isomer, formerly labeled has the following properties 
Boiling point at 1 atm, 120.00° C; refractive index, np at 25° C, 1.4206; density 
at 25° C, 0.7620 g/m) [8] 

® This isomer, formerly labeled ‘‘cis’’, has the following properties: boiling 
point at l atm, 124.45 C, 1.4284; density at 25 
©, 0.7806 g/ml [S] 

b Estimated by analogy with isomers subjected to similar purification, 
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Ficure 8.—Results of the first distillation of cis and trans-1, 3-dimethylcyclohexane. 


Regular distillation at 725 mm Hg in still 15 (3/27/46 to 4/17/46). One of three distillations of similar material. See footnote “1” of table 1. Fract 


11 to 60 were redistilled to obtain cis-1,3-dimethylcyclohexane (see fig. 9 and footnote “‘f” of table 2). 
1, 3-dimethyleyclohexane (see fig. 11 and footnote “‘g”’ of table 2). 
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Ficure 9.—Results of the second distillation of cis-1,3-dimethylcyclohexane (see footnote ‘‘f’’ of table 2). 


Regular distillation at 725 mm Hg in still 7 (5/3/46 to 6/3/46). 
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Ficure 10.—Results of the third and final distillation of cis-1,3-dimethylceyclohexane (see footnote “f” of table 2 


Azeotropic distillation with ethylene glycol monomethy! ether at 725 mm Hg in still 154 (6/29/46 to 8/5/46). 
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Azeotropic distillation with ethylene glycol monoethy! ether at 725 mm 
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Ficure 15.—Results of the first distillation of isopropylcycloherane. 





Regular distillation at 725 mm Hg in sti}l 8 (10/18/45 to 11/12/45). 


338 Journal of Research 





PERCENT BY VOLUME 
© 10 20 30 40 50 60 70 80 90 100 

















Se ; eee 
| 
_ FREEZING POINT \, PURITY ; = 
-89 42 }— re on —| 99.905 
-69 44 a ~~ ‘. | —| 9980 ° 
P -60.46 J ‘’ —{ 9970 
> -89.48 }— é : z 
— =-89.50 }— —| 99.60 G 
a 
> -89.52 }- . | 799808 
S -69.54 eae 
-89.56 ‘ w 
© -89.58 | 99.305 
z 
= -89.60 |— ! 99.20 * 
w -89.62 |— | pe 
= -89.64}—7 
“ -89 66 }—' 99.00 . 
~89.68 9890 = 
-89.70 a 
4 
z2 '26.10 BOILING POINT 
= 128.00 { 
© 127.90 
N 
~ 127.80 
a 
ao 
Oo 
od REFRACTIVE INDEX 
© 1.4390 ’ 
N 
1.4380 
> S| 
«a 1.4370 : 
— 
f=) | 2 
c | - | 
3 
NUMBER OF FRACTIONS > 
2 
90- z 
1-35| 36-89 [| i-188 jie6-238 
7 
} 
b— W—e—_ Y —_# Z > —__ Y—___ + w —4 
| ye 
° 500 1000 1500 2000 





VOLUME IN ML 
Figure 16.—Results of the second and final distillation of 


isopropylcycloherane. 


Azeotropic distillation with ethylene glycol monoethy] ether at 725 mm 
He in stil! 10 (3/2/46 to 4/12/46). 
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Figure 17.—Results of the first distillation of 1,1,3-trimethylcyclohezane. 





Regular distillation at 725 mm Hg in still 7 (10/25/45 to 11/9/45). 


Journal of Research 








STILL 10 (6/3/46 TO 7/8/46) 
PERCENT BY VOLUME 
10 20 30 40 50 60 70 80 90 100 


QO 

















-.r | 7 
| | = 
' oO 
FREEZING POINT, ~- PURITY | —j{ 99.90 © 
65.80 <a y | : 
65 82 ' a 
| = | 99.80 2 
65 84 F— uy 
e | ax 
~65.86 — 99.70 & 
-65.88 a a 
“65.90 r — 99.60 w 
65.92 3 
-65.94 —j 99.50 = 
-65.96 z 
“65.98 -—+ — 99.40 
— 
-66 00 bE 
-66 02 — 99.30 x 
a 
11.70 BOILING POINT | 
1.60 ‘ : - = 
50F = 
REFRACTIVE INDEX 
4270 }-——* —_— ~ — 
4260} = 
4250 oan 
| 
| we 
= 
|3 
3 NUMBER OF FRACTIONS 2 
4 > 
1-32 |33- | 57- 79-156 187+ 4 
56 | 78 i76' 3 
| = 
ke ee ee w 
4 
| 
: shhh | 2S ee | we l i | Lu 
) 500 1000 1500 2000 


VOLUME IN ML 
1GURE 18.—Results of the second and final distillation of 
1,1,3-trimethylcyclohezane. 
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Ficure 19.—Results of the first distillation of n-butylcyclo- 
hexane. 


Regular distillation at 725 mm Hg in still 13 (5/15/45 to 5/31/45). 
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Figure 21.—Results of the first distillation of isobutyleycl 
hexane. 


Ficure 20.—Results of the second and final distillation of 
n-butyleycloherane. 


Azeotropic distillation with ethylene glycol monobuty! ether at 725 mm 


Hg in still 10 (7/23/46 to 8/31/48). Regular distillation at 725 mm Hg in still 2 (12/7/45 to 1/21/46). 
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Figure 22.—Results of the second and final distillation of 
isobutyleycloherane. 


Azeotropie distillation with ethylene glycol monobuty! ether at 725 mm 
Hg in still 11A (7/25/46 to 8/20/46). 
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Figure 23.—Results of the first distillation of sec-butyleyclo- 
hexane. 


Regular distillation at 725 mm Hg in still 12 (6/3/46 to 6/27/46). 


PERCENT BY VOLUME 
© 10 20 30 40 80 60 70 80 90 100 
"sete. 





. BOILING POINT » 


ry 


= 


BPro5 IN °C 


REFRACTIVE INDEX \ 


= 


_——— 


= 


_— 


_—— 


Np AT 25 °C 


NAL VOLUME 


NUMBER OF FRACTIONS 


66-143 | 144-| 177-224/22 
| 


176 
oe ee oe 
| 


eee ee ee 


° 500 1000 1500 2000 2500 


td 
——*t_ 


2 ae ot 


e 











VOLUME IN ML 


Figure 24.—Results of the second and final distillation of 
sec-butylcycloherane. 


Azeotropic distillation with ethylene glycol monobuty! ether at 725 mm 
Hg in still 11A (8/21/46 to 10/4/4#) 
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Figure 25.—Results of the first distillation of tert-butyl- 
cycloherane. 
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Regular distillation at 725 mm Hg in still 12 (1/2/46 to 1/29/46). 
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Figure 26.—Results of the second and final distillation 0 


tert-butylcyclohezane. 
Azeotropic distillation with ethylene glycol monosthy] ether at 725 mm He 
in still 8 (3/15/46 to 4/18/46). 
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Ficure 27.—Results of the first and only distillation of 3,3-dimethyl-1-butene. 





Regular distillation at 725 mm Hg in still 9 (12/27/44 to 2/15/45). 
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Ficure 28.—Results of the first distillation of 1-octene. 


Regular distillation at 725 mm Hg in still 13 (1/3/46 to 2/4/46). ‘This is one of two distillations of similar material. 
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Ficure 29.—Results of the second and final distillation of 1-octene. 
Regular distillation at 725 mm Hg in still 13 (3/13/46 to 4/15/46). 
0 
sarch 347 


} vrification, Purity, and Freezing Points 











Ficure 30. 


PERCENT BY VOLUME 
0 W 20 © 40 BO 60 7 80 90 100 














.v. « <.. . Se | 
BOILING POINT. z_ 
= — 
a | 4 
am —| 
2 = 
oe |= 
_ al 
>-— | — 
| 
| w 
NUMBER OF FRACTIONS | 3 
$ 
i-5 6-27 at 
a 
|z 
U 
iW Banna 
| 
a eS l a ee | pus i 
0 500 . 1000 
VOLUME IN ML 


Results of the first distillation of 1,2-butadiene. 


1500 
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Figure 32.—Results of the first and only distillation of 2-butyne. 


Regular distillation at atmospheric pressure in still 1 (11/8/45 to 1/7/46). 
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Electrodeposition of Tungsten Alloys Containing Iron, 
Nickel, and Cobalt 


By Abner Brenner, Polly Burkhead, and Emma Seegmiller 
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Methods of electrodepositing tungsten alloys with metals of the iron group have been 


developed. 
the alloys may be of commercial value. 


Some of the properties of the alloys have been determined and indicate that 
The plating solutions consist essentially of the 


appropriate metal salts, together with salts of certain hydroxy-organic acids in ammoniacal 


solutions at a pH of about 8.5. 


and cobalt alloys become ductile on heating. 
hardness of 350 to 700 Vickers, and the iron alloy,’ 700 to 900 Vickers. 


The deposits are smooth, strong, and brittle. 


The nickel 


As plated, the nickel and cobalt alloys have a 


The allovs undergo 


precipitation hardening and the cobalt-tungsten alloys retain their hardness when hot. 


I. Introduction 


This report covers methods of codepositing 
ungsten with iron, nickel, or cobalt and the study 
f the properties and applications of these alloys. 

comprehensive research was conducted by a 
jumber of persons over a period of several years, 
luring which hundreds of plating baths and de- 
wosits were prepared and studied. Although this 
nvestigation is not complete, it is advisable to 
uublish the results thus far obtained in order to 
vermit others to determine the commercial applica- 
lity of the alloys, and to conduct further studies. 

Methods have worked out for electro- 
lepositing alloys of tungsten with iron, cobalt, or 
lickel, Some of the measured properties indicate 
hat these alloys may be suitable for certain 
‘ngineecring applications. The plating solutions 
‘onsist essentially of the appropriate metal salts, 
together with salts of certain hydroxy-organic 
acids in ammoniacal solutions at a pH of about 8.5. 
Deposits as thick as several hundredths of an inch 
cain be made with good current efficiency. They 
ire smooth, strong, and hard, and some show 
precipitation hardening. 


Il. Experiments With Published Baths 
|. Deposition of Alloys From Acid Solutions 














been 


When this investigation was started, most of the 
published work on depositions of tungsten alloys 
dealt with acid baths. Between 1935 and 1940, 


Electrodeposition of Tungsten Alloys 


interest was aroused in this subject, especially 
the nickel-tungsten alloys. Harry H. Armstrong 
and Arthur B. Menefee [1 to 8]' patented a process 
and organized the Tungsten Electrodeposit Cor- 
poration. Their patents emphasized the use of 
fluorides in acid baths. M. L. Holt and his co- 
workers [17, 18, 19] published papers on the 
electrodeposition of tungsten with nickel, iron, 
and cobalt. 

When the work of these investigators was re- 
peated, deposits were obtained that contained the 
reported proportions of tungsten, but they had 
inferior physical properties, being weak and 
brittle, and appeared to contain oxide. Deposits 
more than a thousandth of an inch thick were rough, 
and the cathode current efficiencies were low. 

In addition to trying the solutions of published 
composition experiments were made with acid 
baths containing the tungsten as complex ions, 
such as borotungstates, phosphotungstates, or 
fluotungstates. The deposits obtained from these 
solutions were not superior to those obtained 
from the simple Holt bath. The only advantage 
of the complex formation was that it permitted 
larger concentrations of tungsten to be held in 
solution (as compared with the few grams per- 
missible in the Holt bath) so that the control of 
the composition of the bath was not critical. 

In all the acid baths “tungsten blue,”’ containing 


1 Figures in brackets indicate the iiterature references at the end of this 
paper. 
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compounds of tungsten with a valence lower than 
6, formed at the cathode, and eventually the 
whole solution became colored. It is thought 
that the inclusion of partially reduced tungsten 
compounds might be the cause of the oxide content 
of the deposits and their poor physical characteris- 
tics. Attempts were made to keep the bath free 
of tungsten blue by bubbling air around the cath- 
ode, or by the judicious additions of hydrogen 
peroxide, but the deposits were not improved. 


2. Deposition of Alloys From Acid Solutions 

Because of the lack of success with acid plating 
solutions, attention was directed to the alkaline 
baths. Holt showed that the deposit that C. G. 
Fink had obtained from the electrolysis of an 
alkaline tungstate solution was not pure tungsten, 
but an alloy containing iron [13,15], and that 
alloys of tungsten with other metals could be ob- 
tained from carbonate solutions [16,20]. These 
solutions, however, yielded only a small quantity 
of deposit before they ceased to plate and hence 
were not suitable for commercial application. 
Several Russian workers obtained nickel-tungsten 
alloys [9, 14,22] from ammoniacal solutions. 
When their work was repeated, this process was 
found to be more practicable than Holt’s. A 
paper by Vaaler and Holt [25] on the electro- 
deposition of nickel-tungsten alloys from ammo- 
niacal citrate solutions appeared while this report 
was in preparation. As the process described in 
their paper is similar to the one developed here, it 
will be discussed in more detail under the deposi- 
tion on nickel-tungsten alloys. 


III. Experimental Methods 


No special plating technics were used in this in- 
vestigation. The plating baths varied in size 
from small beakers for the initial trials to 6-liter 
Pyrex cylinders for baths used in the plating of 
specimens for the study of properties. The 
largest bath contained about 15 liters. External 
heating along with thermoregulators controlled 
the temperature to about +3 deg C, and the 
solution was kept at a constant level by a float 
valve. 

In the initial experiments, which were made on a 
beaker scale, for determining the composition of 
deposits as a function of the bath composition and 
plating conditions, a cylindrical gold rod about 
5 mm in diameter was used as cathode. The cur- 
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rent density on a rod is more uniform than oy 
flat sheet. The color of the gold made it easy , 
observe whether plating had occurred. The ally 
deposits could readily be dissolved from the go); 
without attacking the latter, by pouring a mixty 


of nitric and hydrofluoric acids over the gold nf 


placed in a platinum test tube. 


Thick deposits were required for the measuy.ff 


ment of physical properties. These deposits wep 
made on copper tubing that had an outside diay. 


eter of 5 mm and a wall thickness of 0.25 mn ff 


The end of the tube was closed with a plug | 


prevent contamination of the solution with coppe 


and a length of from 15 to 30 em was plated in 
6-liter Pyrex cylinder. Separation of the depos: 
from the copper was effected by removing ‘) 
latter chemically by the action of sodium poly. 
sulfide (approximately M Na.S.), followed |r 
immersion in a solution of sodium cyanide (abo 
100 g/liter), which served to loosen and dissoly 
the copper sulfide formed by the polysulfi 
treatment. The treatments with the polysulfid 
and cyanide were alternated at intervals of fron 
15 minutes to 1 hour. 

This procedure for stripping the copper awa 
from the alloy deposit constituted the first tes 
of soundness of the alloy. Sound deposits cam 
through the stripping operation intact, wheres 
others, particulary those that had been deposite' 
at high current densities or from certain w- 
satisfactory baths, crumbled. 


IV. Electrodeposition of Alloys 
1. General Considerations 


The results of the investigation on depositi 
are discussed in three sections: alloys of cobult- 
tungsten; nickel-tungsten; and iron tungste 
Although the methods of plating are similar, | 
differences are sufficiently great, especially 1 
the case of the iron alloys, to require separate 
descriptions. The physical properties of all thre 
alloys will be discussed in connection with eat! 
property. The investigation of the cobalt-tun: 
sten alloys has been the most thorough, and the! 
of the iron alloys the least. The work with thi 
latter was made more difficult by the two state 
of oxidation of iron, and much work needs to ) 
done on these alloys. From our experience, * 
successful plating solution for codepositing (ung 
sten with a metal of the iron group requires, © 
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than on #R. ion to compounds containing the two metals, 




























it easy j of certain hydroxy-organic acids, ammo- 
The allo} Mum compounds, and an excess of NH,OH to 
the gol {Ming the pH to 8.0 or above. Of the hydroxy 
a mixtuffPids investigated, those aliphatic hydroxy- 
gold rm Frboxylic acids in which the sum of the hydroxy 

Bd carboxyl groups is greater than three operate 
Measin. {Fhe best. One exception to this rule is hydroxy- 
Sits Wen firetic acid, which contains only one hydroxy! and 
ide diam. fie carboxyl group, but yields fairly satisfactory 
1.25 mm PiRaths. A practical requirement is that the salts 
| plug wf the acid be quite soluble, otherwise a bath of 
h coppe [#Atisfactory metal content cannot be obtained. 
uted insfmong the satisfactory acids may be mentioned 
e depos iirtaric, malic, gluconic, saccharic, citric and 


ving th 
Im poly- 
wed bir 


‘«droxyacetic. On the other hand, salts of 
ganic acids such as lactic, acetic, oxalic, and 
nlicylic, and of inorganic acids, were not satis- 
Mucic acid was of limited value because 


- 
e (abou § ctory. 


dissoly ff the low solubility of its salts. Some of the 
lysulfil: [@mino-acids were almost usable. Glutamic acid 
lysulfid nd glycine yielded fairly satisfactory deposits, 
of from} #hich, however, were not quite equal in soundness 
those from the hydroxy acids. Of the hydroxy 
er away} @cids commercially available, hydroxyacetic acid 
irst te [ one of the cheapest, costing only about one- 
ts cane }Hfth as much as tartaric acid. 
Whereas It is not possible to make general statements 
pposite’ FRegarding the concentrations of each constituent 
ain wif @f the bath, because the solubility of one sub- 
tance is affected by the presence of the other 
lonstituents. Deposits have been obtained from 
; lutions that range in composition from 100 


liter of the iron group metal and 25 g/liter of 
ungsten, to 10 g/liter of the iron group metal and 


position FSO g/liter of tungsten. The salts of the organic 
cobalt FRcids have been used in concentrations as high 
ngste! s 600 g/liter and the ammonium salts as high as 
lar, th 00 g/liter. 

ally in Most of the plating was done above 90° C and 
sparale FRt a pH above 8.5. The cathode current density 
| three F#Faried from 1 to 30 amp/dm:?. 


h each 
L-tung- 
dd that 
th the 


states 


2. Electrodeposition of Cobalt-Tungsten Alloys 


The main commercial interest 
n the cobalt-tungsten alloys stems from their 
irdness [23]. They are related to stellite, an 
to be PRlloy of cobalt and chromium with tungsten or 
nee, 4 FBnolvbdenum, except that they contain no chro- 


Introduction. 


tung: FBV. Attempts made in this investigation to 
‘lectrodeposit a ternary alloy containing an appre- 


res, ID 


| 


—_ 


lectrodeposition of Tungsten Alloys 


ciable amount of chromium have not been suc- 
cessful. The hot-hardness of alloys such as stel- 
lite makes them useful for high-speed tools and 
for engineering applications where good strength 
or hardness at elevated temperatures is required. 
At temperatures below 700° C, high-speed tool- 
steels may have a greater hardness than stellite, 
but at higher temperatures, the hardness of tool- 
steel rapidly decreases, and the stellite is superior. 
As will be shown in the discussion of properties, 
the cobalt-tungsten alloys have a hot-hardness 
approaching that of stellite. 

Planting Solutions. Preparation and Solubility 
Relations.—The plating solution that was consid- 
ered most satisfactory for the electrodeposition of 
cobalt-tungsten alloys had the following compo- 
sition: 


g/liter 
Cobalt (as chloride or sulfate) ______-_-- 25 
Tungsten (as sodium tungstate)_._._.___._ 25 
ice are uatinctiencidiien 400 
Ammonium chloride or sulfate. -_-_---- 50 


Ammonium hydroxide to a pH of 8.5_-- P 


The operating conditions were temperature, 90° C 
or above; pH, 8.5 or above; current density, 2 to 5 
amp/dm*®. Although the concentrations given 
are preferable, they are not in any way critical. 
The concentration of tungsten may vary from zero 
to saturation, depending on the composition of de- 
posit desired. In the absence of tungsten, the 
bath gives a cobalt deposit that is rather dark in 
color, and for depositing cobalt, this bath has no 
advantage over an ordinary cobalt bath of low pH. 
As tungsten is added, the deposits become brighter. 
The concentration of the cobalt in the bath may 
vary from 0.5 g/liter to saturation, and that of 
Rochelle salt over wide limits. If either the am- 
monium salt or the Rochelle salt is entirely omit- 
ted, the behavior of the bath is considerably dif- 
ferent, as will be discussed later. 

There is an advantage in employing plating solu- 
tions that are high in metal content, because higher 
current densities can be used and thicker smooth 
deposits can be obtained. For this reason most 
attention was given to concentrated baths. Solu- 
tions saturated with salts, however, are not satis- 
factory, because the deposits are more likely to be 
pitted. 

It was found that when strong solutions of the 
above types were kept at the temperature of oper- 
ation (usually 90° to 100° C), precipitates formed 
and the bath composition was altered. To avoid 
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the study of unstable baths, solutions of varying strong solutions, it was found that the produc 
composition were sealed in bottles and allowed to — the concentrations of cobalt and of tungsten ; 


stand on a steam bath for about a week, so that g/liter) was fairly constant, when the concent} 

they would come to chemical equilibrium, and tions of the other constituents were fixed. 1) 

were then analyzed. In, this way some solutions relation made it possible to indicate the approxh 

that initially seemed capable of holding in solu- | mate maximum concentrations of cobalt and tum . 
tion high concentrations of metals were found to sten that could be used in a given solution. Sv 


be unstable. Although the principle of the solu- — data illustrating the application of the solubjly 
bility product is not strictly applicable to these principle are given in table 1, part A. 


TABLE !.-Solubility relations of cobalt and tungsten in ammoniacal solutions of pH 8.5 





A. Application of the solubility product principle (each solution contained ammonium chloride, 50 g/liter) 


| 


Salt of organic acid Metal concentration 


oe WRENS QUE reper 


“oncentration Initial Final : 


No ae st 
Type Co Ww Co Ww 


Molarity | g/liter | Molarity g/liter Molarity g/liter Molarity g/liter Molarity g/liter 
| = 


| | P| 
6 260 0.85 ») 0.13 25 0. 64 38 0. 02 4 t 














1 Sodium hydroxyacetate 2 
2 do 2.6 260 85 fl) 27 aw x 28 | . 08 6 
3 do 2.6 260) 85 A) M 100 .l4 s ll 20 
4 Ammonium hydroxyacetate 2.6 245 85 w 13 25 78 46 4 s 
5 do 2.6 245 85 w 7 i) a | 32 OS 4 
| | 
6 do 2.6 245 85 wD M 100 . 2 15 .12 22 ; 
7 Potassium malate 2.2 470 85 ™) 27 i) 7 | 32 .18 33 
8 do 2.2 470 ss) fT) M 100 40 23 2 52 ’ ' . 
9 | Rochelle salt 1.4 400 85 5) 27 50 1.0 An 29 53 - 
10 do 1.4 400 .42 25 4 100 0.54 32 .40 72 
B. Effect of concentrations of salts of organic acids and of ammonium salts on the solubility product : 
Salt NH,.C1 
- _ a " “= - 2 So 
Concentration : pro 
Type , Molarity g/liter ( ox 
Molarity | g/liter 
| 
11 | Rochelle salt 1.4 400 | 1.0 1) if 
12 _ — 2.1 600 | 1.0 i) 
13 do 7 200 1.0 ») 
14 | Ammonium tartrate 1.3 245 | 1.0 et) ' 
15 | Sodium hydroxyacetate 2.6 260 | 1.0 i) 
16 do 2.6 on) 4.0 Pott) 
17 |.....do 5.2 | 520 
18 ..do 5.2 520 1.0 uM) 
19 | Ammonium hydroxyacetate 26 245 1.0 5) " B 
@ |.....do 2.6 245 4.0 0) 
21 do... 5.2 490 | 1.0 ”) " 
22 | Potassium malate 2.2 470 1.0 ") 
2 | Ammonium malate 2.2 376 1.0 7 
24| Ammonium sulfate 23 300 
25 Ammonium sulfamate 20 230 | ; 
2% = Ammonium fluoborate 1.9 200 q 
27. Ammonium bifluoride 3.5 200 
2 Sodium hexametaphosphate 3 200 : 
2» =Ammonium acid phosphite 1.2 120 
| Less than 75 
Bec 
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TABLE 2.—-Composition of cobalt-t ungsten alloys 


oduet 
rst tion to the constituents listed below, each solution contained ammonium chloride, 50 g/liter, unless otherwise stated, and was operated at 90° C 
Sten 
heentr anne . 
| TI Bath composition Cathode efficiency — Tungsten in deposit 
appro Co Ww Organic salt | 
ha ti W/Co * . 
It Int NO. (weight) 
1 No Concentration 2amp/dm? S5amp/dm? 2amp/dm? > 5amp/dm? 
Molarity g/liter | Molarity = g/liter Type inns imme } 
) lie 
ULI | Molarity g/liter 
TAKTRATE 
Percent Percent Percent Percent 
0.12 0. 68 40 0.08 5 Na, K 1.40 400 100 100 s 12 
20 42 25 03 5 Na, K 1. 40 400 97 10 18 
30 . 85 1) OS 15 Na, K 1.40 400 12 24 
x) 85 fl) OR 15 Na, K 1.40 400 100 100 13 20 
w 68 40 | 12 20 Na, K 1.40 400 . 4 20 
pr BT) 7 16 O4 8 Na, K 0.70 200 100 15 
( : 67 10 6 02 4 Na, K 35 100 95 Is 
: 67 25 15 05 10 Na, K 35 100 100 100 2 
70 SS 50 20 35 Na, K 1. 40 400 97 95 13 24 
. 70 s5 50 20 35 Na, K 1.40 400 97 Ww 20 24 
75 6s 40 16 30 Na, K 1.40 400 21 26 
1.0 42 25 4 25 Na, K 1.40 400 93 2! 27 
1.0 42 25 4 25 Na, K 0.70 200 | 97 91 20 27 
1.0 25 15 OS 15 Na, K 70 200 92 oF 15 2s 
1.0 25 15 Os 15 | Na, K 35 100 100 4 2 
1.0 20 11 05 ll Na, K 35 100 i) 93 Is 29 
. 10 20 12 06 13) Na, K 35 100 95 97 22 28 
1.3 10 6 O4 5 Na, K 35 100 97 Is 
1.3 20 12 ON 16 Na, K 35 100 92 97 s 2 
1.5 20 12 oy 18 Na, K 70 200 92 100 | 16 2s 
3.0 10 6 oo 17 Na, K 35 100 92 32 : 
3.3 10 6 10 20 Na. K 35 100 90 us 31 33 
3.5 25 15 ath) 53 Na, K AS 2%) 4 95 29 M4 
om 4.4 “wv 12 30 55 Na, K SS 2500 oo 91 35 3s 
pro 6.0 10 6 2» $5 Na, K 35 100 100 9s 35 41 
se 
CITRATE 
0.14 0.40 35 0.03 5 Na 060 200 S7 70 | 23 27 
4 0 35 03 5 NH, 1. 20 300 3 78 | 23 22 
la 4 0 35 03 5 NH, 1.20 300 7 77 23 a4 
i”) 42 25 07 13) Na 0.60 200 iti 59 | 30 42 
i 0 42 25 14 25 Na 60 200 7s 71 41 ay 
6.0 10 6 20 35 Na 0 200 626 e442 
6.0 2 12 3s 70 Na . 00 200 627 «42 
‘ B 12.0 10 6 38 70 Na 30 100 <6 Ce) 
$5.0 om 1 20 35 Na 30 100 e3l 657 
MALATE 
0.50 O85 ww OM 25 kK 1.5 310 su s ll 12 
67 25 15 06 10 NH, 0.7 25 v1 95 17 27 
1.0 AS ii) Pai} MM) i 15 310 Hs 74 10 15 
2.0 85 ww | 100 NAg 1.5 240 SS 93 a4 27 
1.0 . 42 25 “4 10 in 1.5 310 100 100 4 » 


tnotes at end of taDle. 
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TABLE 2.—Composition of cobalt-tungsten alloys —Continued vers { 
- co ee en i l yn, in 
Bath composition Cathode efficiency— Tungsten in dey 
= - — — etate 
! } j ’ 
Co Ww Organic salt Wution 
Ve wiCo = . 
weight | he 
Concentration Zamp/dm?, 5amp/dm? 2amp/dm? 
Molarity g/liter | Molarity g/liter Type rc tor 
Molarity| g/liter an a 
i sal 
HY DROXYACETATE aber 
i) o ol 
oo 0.1 iL? 100 0. 08 15 Na 5.0 500 ’ 
4! 2 1.7 100 M4 25| NH 5.0 700 8 nysta 
42 0) 0. 85 50 - 08 15 Na 5.0 a) 6 mr su 
43 2.0 42 25 ma ) NH¢ 5.0 sO o7 W6 21 
lissol 
dium 
GLUCONATE , 
( fore 
Hstabl 
44 0.90 0.34 20 0.10 7 NH, 0.50 100 ew 4 . 
45 Ww 6s 40 20 i) NH, 50 100 293 9 z eiium 
4 s “4 20 20 3 NH, w 100 eos Qs es amn 
47 1.8 fis 0 0) 70 NH, 0 100 “4 
45 At Ww f »” 3 NH, 50 100 b 97 v5 b drox 
7 cae ae e sol 
GLUTAMATE the 
49 0.30 0.85 O 0.08 15 Na K 1.3 ri) 
q 
LACTATE | 
50 4.0 0. 08 5 0.08 15 kK 4.5 70 00 1W 
j 
ACETATE 
51 1.0 0.20 12 0. 08 15 Na 4.0 400 S7 
INORGANIC 
' 
52 i 0 0.39 | 23 0. 07 12 o 52 20 
* Bath contains NH,C1, 200 g/liter f Bath contains (N H4)280,4, 200 g/liter. 
> Bath contains NH,C1, 100 g¢ liter * 3 amp/dm!, 
* Bath contains no NH,C1. b 3% amp/dm?. 
4 Bath contains NH,C1, 300 g/liter. ' Bath contains (N Hy)28O,, 300 g/liter 
* Bath contains NH,Cl, 150 g/liter. 
The manner in which the solubility of cobalt and about 50 g/liter (although concentrations o/ 
tungsten are affected by the concentrations of the g/liter have been attained), and the upper li 
other constituents of the solution is shown in table — of tungsten is about 150 g/liter (although a 
1, part B. The values of the solubility product centration of 200 g/liter has been attained 
given here are rough guides to the variations in The data in table 1, part B, show that a lic 
solubility of the metals with a change in composi- — concentration of the organic acid permits biz 
tion of the plating solutions. In applying the — concentrations of cobalt and tungsten, which : 
solubility product principle to the preparation of | much less soluble in the absence of the orga! 
a given solution, the maximum solubility of the — salts. The tartrate solution has the best solubilit! 
individual metals must not be exceeded. For — for cobalt and tungsten. The use of ammonill! 
practical purposes, the upper limit of cobalt is salts of organic acids instead of sodium sa! 
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nh in der 


vers the solubility product in the tartrate solu- 


mn, 


increases it considerably in the hydroxy- 


etate solution, and has little effect in the malate 


Jution, 


The solubility of tungstates in ammoniacal 
utions in the absence of cobalt is interesting. 
an ammoniacal solution containing no ammon- 
by salts, sodium tungstate (Na,WO,.2H,0) will 
solve to the extent of 600 g/liter (equivalent to 


()¢ of tungsten). 


If a strong solution of sodium 
nystate is added to a strong solution of ammon- 


bn sulfate, a precipitate forms that will not 


lissolve entirely on heating. 


However, if the 


Kjium tungstate solution is made ammoniacal 

fore it is added to the ammonium salt solution, 
Hstable solution results, which can hold 200 g of 
ddium tungstate per liter in the presence of 300 g 


Be solubility of tungstates. 





ich 
orgal 
Jubilitt 


On! 





ammonium sulfate per liter. 


The salts of the 


droxy acids do not seem to affect appreciably 


A solution similar 


the plating solutions, for example, containing 


400 g of Rochelle salt per liter and 100 g of ammo- 
nium sulfate per liter will dissolve 400 ¢ of sodium 
tungstate per liter. 

Factors affecting the composition of deposits.— 
Deposits containing up to 50 percent of tungsten 
have been obtained, but the deposits that are 
sound enough for engineering applications do not 
contain over 35 percent of tungsten. The most 
influential factors on the composition of the deposit 
were: the metal ratio in the solution (W/Co); the 
type of organic hydroxy acid used; and the current 
density. Other variables, such as the concentra- 
tion of the solution, pH, and temperature, had only 
a minor effect on the composition of the deposit; 
but in some cases had a large effect on its physical 
properties. 

The effects of variations in composition of the 
plating solution on the composition of the deposit 
eare illustrated in table 2, the effects of current 
density in table 3, 
in table 4. 


and the effects of temperature 


TABLE 3.—Effect of current density on composition of cobalt-tungsten alloys 


Each solution contained ammonium chloride, 50 g/liter. 


w/c 


(weight) 


0. 


13 


Temperature, 90° C, pH 8.5.) 


Bath composition 





Co Ww Organic salt e Cathode | Tung- 

. _ —_ 7 —— bene | effici- | sten in 

Concentration . ency deposit 

Molarity| g/liter | Molarity| g/liter Type ————-—— 
Molarity | g/liter 
TARTRATE 

amp/dm? Percent Percent 
0. 68 40 0.08 Na,K 1.4 400 l 100 4 
6S 40 03 Na,K 1.4 400 2 100 s 
6S 40 03 Na,K 1.4 400 3 100 10 
6 40 03 Na,K 14 400 100 12 
RS MM) 09 1 Na,K 1.4 400 l 100 W 
RS nO oy 15 Na,K 1.4 400 2 12 
85 50 09 15 Na,K 1.4 400 3 16 
a5 AO ov 15 Na,K 14 400 i) 19 
AS 5 oy 15 Na,K 1.4 400) ti 26 
42 25 13 25 Na,K 0.70 200 l SS 9 
42 2 13 25 Na,K .70 200 2 87 21 
42 25 .13 25 Na,K 70 200 91 25 
2 25 13 25) Na,K 70 ”M) 10 S2 31 
25 15 ov 15 Na,K 35 100 1 1 4 
25 15 og 15 Na,K 35 100 2 100 1s 
rh 15 09 Is Na,K 35 100 100 24 
Os 6 2» 35 Na, K 35 100 l 95 14 
us 6 2 3: Na,K 35 100 2 35 
OS 6 20 35 Na, K 35 100 3 os 33 
Os 6 20 35 Na, K 35 100 5 as 41 











Tasie 3.—Effect of current density on composition of cocalt-tungsten alloys—Continued 
=| 
(Each solution contained ammonium chloride, 5 g/liter. Temperature, 90° C, pH 8.5.) 














































= = ———————————— ily 
Bath composition ule 
i meme iy . ~ >. - y —— | : "a - a ; Os! 
Co | Vv Organic salt ic 
D _ Se 6 A Current | athode — Tury ; berry 
No. | wo Density | effici- sten . 
(weight) Concentration | ency =—| depo ESO 
Molarity | g/liter | Molarity| g/liter Poa ; OSI 
| Molarity! g/liter | | 
CITRATE 
| ' | | | 
21 0.14 | 0. 60 35 0. 08 5| NH. | 1.2 300 2 S3 
2» M4 60 35 08 5| NH, 1.2 | 300 3 
23 iM . 60 35 03 | 5| NH, 1.2 | 300 f 7s 
GLUCONATE 
4 1.0 0.34 20 0.12 2 | NH, 1.0 | 220 | 1 10 
25 1.0 34 20 .12 20 NH, 10 | 220 2 100 j 
Qn 1.0 4 20 12 20) NH 1.0 220 3 100 ; 
27 10 “ 20 | @ .1l2 | NH | 1.0 220 J 100 
2 1.8 44 2 20 35 NH, 0.50 110 3 us 
| 
Ps) 1.8 a4 20 2 35 NH, 0 110 f us 
30 Ls M4 20 20 35 | NH, 0 110 10 “4 i. 
31 6.0 ON 6 20 35 NH, nO 110 1 ts) 
32 6.0 Os 6 2 35 NHy m1) 110 3.5 w 
38 6.0 Os 6 2 35 NH, |] 110 5.0 5 iURE 
} | f tu 
| baths 
HY DROXYACETATE 
he ent 
at 0.25 1.6 100 0.13 25 NH, 5.0 no 2 : 
3h 25 1.6 100 13 25 | NH 5.0 500) i Cur 
38 25 1.6 100 13 25) Ng 5.0 500 10 pn SI 
47 25 1.6 100 . 25 NHy 5.0 500 15 + 
| Ms bk 
iain ate 7 a ngst 
TABLE 4.—Effects of bath temperature on composition of cobalt-tungsten alloys ‘tals 
—e ee : nsit 
Organic salt Co w Current efficiency at Tungsten in deposit at obt: 
No Concentration d m 
Type Molarity g/liter | Molarity g/liter 2° C 58° C wc | ac 55° C “ nsit) 
Molarity | g/liter hnter 
_ . Te " 
Percent Percent Percent Percent Percent Pe 
1 Nacitrate 0.6 200 0.2 12 0.40 74 *12 27 | 62 ‘ DES 
2 Rochelle salt... of 100 .0 if .@ 35 w® 82 96 | Pi) 36 ibl 
e 
—-= : ” preset ~ leral 
* Bath operated at 45°C instead of 55°C. . 
yect 
The main conclusions derived from these data deposit does not contain more than about 50 pq the 
are as follows: cent of tungsten, even if the tungsten-cobalt rupqPor’ 
Metal-ratio.—The tungsten-cobalt ratio of the in the solution is as high as 35. dor 
bath is the most important factor affecting the The citrate solution with a low ratio of tungst' 
composition of the deposit. As this ratio in- to cobalt (solution containing cobalt 35 ¢g lite 
creases, the percentage of tungsten in the deposit and tungsten 5 g/liter, No. 21, table 3) deserve 
also increases, but the increase is slight when the special consideration because the tungsten-cob! st 
solution contains more than three times as much ratio of the deposit (0.3) is higher than in th 


tungsten as cobalt. (See figs. 1 and 3). The solution (0.14). This situation indicates the 
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g lite 
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‘en has reversed its role and is the more 
‘ily deposited metal. At any rate, in the 
aie solution, cobalt and tungsten must have 
sition potentials that are close together, 
brwise it would be difficult to explain why there 
<» little variation in the composition of the 
yosit with current density. 


CITRATE BATH 









acc 








| ! 

5 } f}———}__j_{__4 | 

TARTRATE BATH | 

5 ? + 4 

6 | ™ {—- +-—-| 

0 a 

0 2 3 a 5 6 7 8 9 10 Wl i2 13 
Ww/CO (BY WEIGHT) 

‘URE 1.—Effect of tungsten-cobalt ratio on the percentage 


of tungsten in the deposit from tartrate and citrate alloy 


hiths of various compositions, 


he eurrent density is 2 amp/dm? 


Current density.—The content of tungsten in the 
posit increases with the current density (table 3). 
lis is to be expected, as under most conditions 
ngsten behaves as the less noble of the two 
In the citrate solution at low current 
usities a relatively higher proportion of tungsten 
obtained in the deposit than in other baths, 
din this particular case an increase in the current 
nsity does not significantly increase the tungsten 
ntent of the deposit. 
The composition of the deposit 
vary significantly with temperature 
ible 4), but the cathode efficiency improves con- 
lerably as the temperature is raised.2. The main 
jection to deposits obtained at low temperatures 
that their physical properties are inferior to 
hose obtained above 90° C, as they are dark in 
lor and unsound. On stripping the base metal 
vay from them, they showed the presence of 
any cracks and usually fell to pieces. Table 17 
1oWs that such deposits have more oxide inclu- 
ons than thedeposits obtained at 90°C. Because 


‘tals. 


Te m pe rature. 
Des «not 


ossible to compute the approximate cathode efficiency for most of 
sits without knowledge of their exact composition because the 
nt weights of W¥!, Coll, Nill, and Fel! are nearly the same 
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of these disadvantages, most of the tungsten alloys 
were deposited from hot solutions. 

Type of Organic Acid.—The organic acids vary 
in their capacity to bring about codeposition of 
tungsten. The following summary shows that 
gluconic acid yields deposits with the lowest 
tungsten content and citric acid the highest. 


Approximate tungsten in deposit 


_ | /Coi 
Acid (W/Co in bath=1) Neu a 
| 


| 
2amp/dm? | 


5amp/dm? 2amp/dm? 


Percent Percent Percent 
Gluconic_ __ — an 3 | Ss 
Malic ‘ 10 | 15 24 
Hydroxyacetic ‘ ° 21 
Tartaric ; 18 26 | 25 
Citrie__- sips We 40 40 40 
Concentration of Organic Salts.-Not enough 


data are at hand to determine accurately the effect 
of the concentration of the organic salt on the 
composition of the deposit. The effect seems to be 
small in the tartrate bath (see experiments 12 and 
13; 14 and 15; table 2). 

Total Concentration of Cobalt and Tungsten. 
The content of tungsten in the deposit should 
increase as the content of cobalt and tungsten of 
the bath decreases (the W/Co ratio and current 
density being kept constant), because in the dilute 
bath the current density is nearer to its limiting 
value at which the maximum percentage of tung- 
sten in the deposit is obtained. The total metal 
content of cobalt and tungsten, however, has only 
a minor role in affecting the composition of the 
deposit. Decrease in the metal content (cobalt and 
tungsten) of the bath slightly increases the tung- 
sten content of the deposit from the gluconate bath 
(examples 44 and 45, table 2), but has no definite 
trend in the tartrate bath (examples 5 and 6; 8 and 
9; 13 and 14; 17 and 18). 
Concentration of Ammonium Salts._-As_ the 
baths are made alkaline by adding ammonia, 
which reacts with cobalt salt, some ammonium 
compounds are present before any further addi- 
tion is made. Additional amounts of 
ammonium salts slightly increases the percentage 
of tungsten in the deposit. (Table 2: Compare 
3 and 4; 9 and 10, 16 and 17). Baths made up 
with ammonium salts of organic acids operate 
very much like those made with sodium or potas- 
sium salts. 


large 
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If ammonium compounds are entirely omitted 
from the plating solution (although the salt of 
the hydroxy acid is present at a pH of 8 to 9) the 
solubility of cobalt and tungsten is reduced and 
the cathode current efficiencies are so low that the 
solutions are not suitable for electrodeposition. 
If the solution contains ammonium salts only, 
and the hydroxy acids are omitted, the solubilities 
of cobalt and tungsten are also low, and the 
cathode current efficiencies are poor. However, 
as an exception, the ammoniacal ammonium 
sulfate solution yields fairly good deposits and is 
nearly practicable. 

pH of the Bath— No systematic study was made 
of the effect of the pH of the solution on the 
composition of deposit, because at the tempera- 


ture of operation, loss of ammonia made it 


impracticable to keep the pH much above 9 for 


any length of time. In the presence of an excess 
of ammonia, at a temperature of 90° C, the pH was 
stable between 8.5 and 9. A pH lower than 8.0 
resulted in increased precipitation of cobalt com- 
pounds from the solution on cooling. 

Baths Containing Trivalent Cobalt. 
pounds containing cobalt in the trivalent state 
are not stable, but stable complexes containing 
Co™ are common, particularly in alkaline solu- 
tions. A test was made to determine whether a 
cobalt solution made up with Co™ would behave 
differently from Co", and in what state of oxida- 
tion the Co would be after a plating solution had 
The presence of 


Simple com- 


been operated for some time. 
Co" was shown by treating the solution with 
potassium iodide, acidifying with hydrochloric 
acid, and then heating in a closed container. 
This heating was necessary because the cobalt- 
ammines do not readily decompose when acidified. 
The liberated iodine was titrated with thiosulfate. 
The determination of cobalt in an _ oxidized 
ammoniacal solution by this method was quanti- 
tative; but this may not have been true in the 
analysis of the plating solutions, which contained 
organic constituents. 

A cobalt-tungsten plating solution containing 
Co™ (made by oxidation of Co™ with H,O, in 
ammoniacal solution) and Rochelle salt gave de- 
posits very similar in composition and properties 
to those obtained from the corresponding cobaltous 
solution. After operation for some time, the 
cathode efficiencies based on Co™ rose to 120 per- 
cent, which indicates that some of the Co™ had 
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been reduced. Conversely, operation of the coh, 
ous alloy plating solution, especially with air J 
tation, resulted in the formation of a smal! amon 
of trivalent cobalt. 

A similar comparison was made between col) 
ous and cobaltic alloy plating solutions mac; 
from ammoniacal solutions of ammonium sulfy 
and containing no organic constituents. There y 
no difference either in the operation of the plat 
solutions or in the type of deposit obtained. The 
fore it is concluded that the valence of coba); 
the bath is of no practical importance. 

Operation and Control of the Plating Process 
The cobalt-tungsten plating baths were opera 
in the manner of any ordinary plating bath. 7 
potential required was about 1 v in a bath wh 
the distance between anode and cathode was aly 
Copper was not very satisfactory for 9: 
pending objects in the solution and for use as |) 


oem. 


bars, because it corroded in the ammonia vap 
and copper compounds dropped into the bath, « 
contaminated it. Nickel or nickel-platec me 
should be used above the bath. 
Containers for Plating Solutions.— All of +) 
Enamel-line 
steel or ceramic tanks also are suitable. Stainls 
steel tanks may be suitable if the walls are shieldy 


plating was done in glass vessels. 


with glass plates. There was some attack 
stainless steel immersion heaters, possibly as |! 
result of electrolytic corrosion. Polyethylene | 
be used to line a tank, but not Saran, which slow) 
deteriorates in the solution. 
Anodes._-Tungsten, cobalt, or a cobalt-tungs' 
alloy can be used as anodes. Tungsten is tly 
most satisfactory anode, because it 
cleanly and smoothly with 100-pereent curr 
efficiency. It does not introduce any apprecia! 
amount of insoluble matter into the bath, and thf 
deposits are smooth even though the tungst« 
The area: 
the tungsten anodes should be not less than abew 
one-third of the cathode area, because otherws 
the anodes may become passive. Higher ano¢ 
current densities can be used if mildly agital 


COrrod 


anodes are not covered with bags. 


with air. 

When cobalt anodes are used, low anode cir 
rent densities should be employed, prefera! 
under 1 amp/dm2?, because otherwise the anodes ¢ 
not corrode well. At higher current densities. | 
gelatinous pink precipitate forms over the ano 
and may become detached and suspended in ti 


Journal of Resear¢ 








th CObg 
ith aip a 
al! auMoy 


Pen) COba! 
S mad 

IM. sulfa: 
There y 
he plat 
“dd. The 


cobalt 


Process 
* operat 
ath. T 
ath wh 
Was aly 
Vv for sis 


SC as |) 





iat Vap 
bath, a 


CO 





Me! 





I] of ti 
mel-lir 

Stainles 
? shielde 
ittack 

ly as! 
vlene 
ch slow 

















‘Lungs! 
n 





Is th 





corrode 

curre! 
precia! 
and th 
tungste! 
y area | 
in abo 
therwis 
r anod 


agitat 


lie cur 
eferab 
10des ( 
sities, | 
© anode 
1 in the 


>search 
















































With cobalt anodes under the best condi- 
is, the deposits are not as smooth as with 
nesten anodes. Enclosing the cobalt anodes 
slass cloth bags yields smoother deposits, but 
reulation of the solution around the anodes is 
tailed, and the bag gradually fills up with a 
nk precipitate. If cobalt anodes are used, it is 
ore satisfactory to use no anode bags, and to 
.pend on continuous filtration to clarify the bath. 
Anodes of a cobalt-tungsten alloy containing 10 
» 20 percent of tungsten operate satisfactorily, 
it anodes of this kind are not commercially 
ailable. A bath can be operated with a dual 
‘stem of tungsten and cobalt anodes, if it 
esired to maintain the composition of solution 
ithin close limits. For plating the interior of 
jects, anodes of tungsten or of cobalt-tungsten 












Is 










Jloy may be used, but cobalt anodes are not 
iitable for the above reasons. 

If a bath is operated with tungsten anodes, the 
meentration of tungsten in the solution increases, 
nd eventually it becomes necessary to remove the 
xeess. No convenient chemical method of pre- 
ipitating tungsten from the alkaline solution was 
vind. In a process occasionally used by us, the 
ath was electrolyzed with cobalt anodes at a 
mperature of about 50° C (to reduce evaporation 
nd loss of ammonia), at a high-current density, 
ntil the excess of tungsten had been replaced by 
obalt. On a large seale, the waste cathode 
Jeposit thus obtained could subsequently be used 
san anode. 

Insoluble anodes should not be used in these 
the oxidation of the organic 
onstituents at the anode produces deleterious 


auths, because 


roducts. 





After a bath has been operated for some 
ime with insoluble anodes, for example of plati- 
um, the deposits become brighter and more 
tressed, and pitting, cracking and exfoliation may 
weur. Filtration through activated charcoal 
mproves the condition of the solution but does not 
‘nitirely remove the deleterious products. 

The most incon- 
enient feature of these plating solutions is the 
urge loss of water and ammonia at the elevated 
temperatures employed. These losses were re- 
laced by adding a mixture of ammonium hy- 
lroxide and water (1:1) to keep the solution level 
onstant. No other control of the ammonia con- 
ent of the solution was required. Bubbling of 
vimonia gas through the bath was tried but 
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did not prove advantageous. On a large scale it 
might be practicable to partially enclose the 
system to reduce the loss of ammonia. In an 
effort to reduce the loss of water and ammonia, 
rods and sheets of plastic were floated on the sur- 
face, in the manner frequently used for cutting 
down the spray losses in chromium plating, but 
this procedure had no effect in reducing the losses 
from the bath. One method that practically pre- 
vented evaporation consisted of floating a layer 
of melted paraffin, about 1 em thick, on the 
surface. If the objects to be plated were clean, 
wet, and free from water-break, they could be in- 
troduced into the bath through the paraffin layer 
without any of it adhering sufficiently to prevent 
plating. On continued operation of the bath, pit- 
ting of the deposits began to occur, but this was 
not necessarily caused by the paraffin. Further 
consideration of the use of a molten layer over the 
bath seems warranted. 

An effort was made to substitute some less 
volatile organic amines for ammonia. Four were 
tried, but the preliminary results were not en- 
couraging. Data on these amines are given in 
table 5. Only one, hydroxyethylethylenediamine, 
yielded a high cathode efficiency. The deposits 
from all the solutions containing amines were in- 
ferior, and fell to pieces when the base metal was 
stripped away. Some amines, for example, guan- 
idine and hydrazine, completely precipitated the 
cobalt from the alkaline tartrate solution. 

Pretreatments for Plating —Methods of Securing 
Adhesion—Most of the plating was done on 
steel, although there was no difficulty in plating 
on copper and brass. Any of the commonly ac- 
cepted methods of cleaning the metals can be 
used. 

When steel, particularly high-carbon steel, was 
directly plated in the bath, a high degree of ad- 
hesion was not obtained, and it was necessary 
to study this troublesome problem. The ad- 
hesion was measured qualitatively by plating 0.25 
mm or more of the deposit on a steel rod and then 
attempting to detach the deposit by mechanical 
means, such as twisting or bending the rod until 
it broke. The use of etches and strikes alone 
did not improve the adhesion. A fair degree of 
adhesion was obtained by first plating the steel 
with cobalt, and then slightly etching the cobalt 
anodically with reverse current in the alloy 
plating bath. The best adhesion was obtained by 
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TABLE 5- 


Composition of bath 
Cobalt 
Tungsten 
Rochelle salt 
Amine as indicated 
remperature °C 
pH, 8.5 


Amine 


Molarity 


Ethanolamine 

Tetra-ethanol-amine ammonium hydroxide 
Ethylenediamine 
Hydroxyethylethylenediamine 


the following process, in which alternating current 
was used in the final step. 

Anodic Etch. After the steel had been cleaned 
by any suitable process, it was anodically etched 
in 70 percent sulfuric acid for 2 minutes at a cur- 
rent density of 25 amp/dm/?, and rinsed. 

Cobalt Strike.—The was plated with 
cobalt for 3 minutes at a current density of 20 
amp/dm? in a solution which contained cobalt, 
20 g/liter and HCl to produce a pH of 0.5. 

Treatment with alternating current—After rins- 
ing the object, preferably with 1:1 hydrochloric 
acid, it was transferred to the plating solution, 
and alternating current of 0.25 amp/dm? was 
passed through the work for 5 to 15 seconds, and 
then the direct current was immediately turned on. 

With this process the adhesion was satisfactory, 
and a deposit 0.25 mm thick could not be separated 
from the base metal by any mechanical means. 
As alternating current had not previously been 
utilized for securing adhesion, some further study 
was made of it, but only the facts pertinent to 
this alloy system will be mentioned here. The 
amount of alternating current required for secur- 
ing good adhesion could be varied over a moderate 


steel 


range, but to some extent it depended on the 
composition of the bath. Baths low in tungsten 
but high in cobalt (for example Co 50 g/liter), 
required more critical control of the amount of 
alternating current, for example, smaller amounts 
of alternating current had to be employed than 
in dilute bath. If the alternating current was too 
high, for example 1 amp/dm? or more, or if the 
time of treatment was too long, poor adhesion 
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g/liter 
15 

10 

100 


Cathode efficiency Tungsten in deposi: 


Concentration 


——| 2amp/dm? 5amp/dm? 2amp/dm? 

g/liter 

Percent 
24 
21 
13 
15 


Percent Percent 


resulted. Within certain limits, higher currey 
densities of alternating current could be used } 
the time of treatment was corresponding) 
reduced. 

It is important to secure good adhesion of tly 
initial cobalt layer to the steel, otherwise it woul! 
be useless to secure a high degree of adhesion o/ 
the alloy to the cobalt layer. Good adherence o/ 
cobalt to steel (particularly to steel containing 
0.5% or more of carbon), could not be consistent) 
obtained from the standard cobalt plating baths 
whether they were made up from chloride 
sulfate. No mention of this difficulty is found « 
the literature. Steps 1 and 2 of the above proces 
provide satisfactory adhesion of cobalt to ste: 
and both steps are necessary. 

Effect of Impurities on the Operation of the Bath 
The alloy plating solution is not very sensitive \ 
the metallic impurities that might become intn- 
duced in a plating room. The effects of impur- 
ties were determined by adding small amounts 
of them to the solution containing: cobalt, 2 
g/liter; tungsten, 25 g/liter; and Rochelle salt, 4" 
g/liter. The addition of copper, 0.2 g/liter re 
sulted in the production of a bright deposit, bu' 
larger amounts yielded a nodular or spongy, dar 
deposit. Zine had little effect on the deposit whet 
added in quantities up to 10 g/liter, and tin like 
wise had no deleterious effect on the deposit, bu! 
caused a precipitate to form in the bath when tt 
concentration became as high as 25 g/liter. Spee 
trochemical examination of the deposits obtaine: 
from the solutions contaminated with zine ane 
tin showed the presence of moderate amounts ©! 
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however, may have been 


Lead caused uneven 


e metals, which, 
sent as basic inclusions. 
‘ing if present in concentrations higher than 
>» liter; and if present to the extent of 5 g/liter, 
ad plated out of the solution more readily than 
w alloy. Addition of 0.2 g/liter of cadmium 


ysed a lowering of the cathode efficiency, and in 








srver concentrations it produced spongy deposits 
‘ilar to these obtained with copper. lron did 
ot affect the deposit when present to the extent 

5 ¢ liter, but caused a gradual precipitation of 
Chromic acid 










‘on compounds from the solution. 
ad no appreciable effect when added in small 
uantities, but present to the extent of 
« liter, plating ceased. However, after the hot 
olution had stood for several hours, the chromic 





when 







eid was reduced and the bath operated satis- 
Small quantities of sodium 





actorily once more. 
yanide (1 g/liter) had no effect, but 5 g liter pro- 






uced a precipitate. 

Plating with Alternating Current Supe rim posed 
yy Direct Current.Some deposits were plated 
both direct current 
iting current in different 
ant current was pulsating direct current except 
vhen a high proportion of alternating current 
which there was a momen- 
ary reversal of current at the cathode. The 
leposits produced with the mixed alternating and 
lirect currents had about the same composition 
is those obtained with direct current alone and 
No obvious advan- 







60-evele alter- 
The result- 


and 
ratios. 


Ising 









Vis used, in case 










vere similar in appearance. 
age was found from superimposing the alternating 







‘urrent. 

Stress in Deposits During De position. Attempts 
were made to produce thick separable deposits on 
) surface upon which the alloy would not be 
strongly adherent, for example on lead, to deter- 
mine the feasibility of using the alloy for electro- 
forming. When the alloy became more than 0.5 
mm thick, it tended to crack spontaneously, al- 
though this did not occur when the alloy was 
The stress developed 
















plated adherently on steel. 
during plating was qualitatively measured with a 






contractometer and was found to be slightly less 
than that occurring in an ordinary acid-cobalt 
bath, but slightly greater than that occurring in 
a Watts nickel bath. These few measurements 
did not throw light on the cause of the cracking. 

Stability of Plating Solutions.—The alloy plating 

‘lutions used in the investigation were chiefly the 
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Rochelle salt baths, which were fairly stable. A 
bath of a few liters was operated for a period long 
enough to deposit an amount of cobalt equal to 
that initially present, without showing signs of 
deterioration. When these solutions are allowed 
to stand uncovered, they gradually lose ammonia, 
and a pink solid precipitates, and redissolves in 
the bath only slowly with the addition of ammonia 
and the application of heat. Therefore the baths 
should be kept covered when not in use, 


3. Electrodeposition of Nickel-Tungsten Alloys 


Literature.-As more work has been reported 
on the nickel-tungsten alloys than on the other 
tungsten alloys, a more detailed discussion is 
Fink and Jones [13] used a carbonate 
nickel- 


desirable. 
solution for the electrodeposition of a 
tungsten alloy, and obtained deposits that were 
only a few microns thick. Our experience with 
the plating bath of Holt and Nielson [17], which 
consisted of a solution of nickel sulfate and sodium 
tungstate at a low pH, was that the deposits were 
percent, and 


low in tungsten, usually not over 7 
that deposits over 0.025 mm thick were rough. 
The numerous patents of Armstrong and Menefee 
[1 to 8} make broad claims for other metals and 
operating conditions, but limit their examples to 
the codeposition of nickel-tungsten alloys from 
baths with a pH below 7, which contain, in addi- 
tion to the alloying metals, fluorides, phosphates, 
borates, citrates, and ammonium The 
deposits that were obtained by their process were 
not any sounder than those plated from the 
simpler solution of Holt and Nielson; but higher 
tungsten contents could be obtained. Although 
the importance of fluorides in these baths is 
emphasized, neither fluorides, borates, or phos- 
The deposits 


salts. 


phates appear to be of any value. 
from the ammoniacal solution recommended by 
Goltz and Kharlamovy [14] contained 20 percent of 
tungsten, and were hard, but because of the ex- 
cessively high current density used (20 to 40 
amp /dm?*), the deposits were porous and cracked. 
If their solution is electrolyzed at a current 
density of 2 amp/dm®*, a deposit is obtained that is 
lower in tungsten but much sounder. As _ the 
recently published paper of Vaaler and Holt [25] 
described plating conditions similar to those that 
are reported here, its discussion will be presented 


later in this paper. 
Less emphasis has been put on the nickel- 
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tungsten than on the cobalt-tungsten system, 
because the cobalt alloys show a wider range of 
properties, can be obtained with higher percent- 


ages of tungsten, and exhibit precipitation- 
hardening to a greater extent than the nickel 
alloys. 

Solubility Relations.—Plating solutions con- 


taining hydroxy-acids and ammonium salts, simi- 
lar to those used for the cobalt alloys, were used 
The 


and citrate solutions were the most satisfactory. 


for depositing the nickel alloys. tartrate 
Solubility experiments showed less constancy of 
the solubility product of nickel and tungsten than 
of the cobalt and tungsten, but this relation serves 
as a convenient indicator of the solubility rela- 
tions in a variety of solutions, as shown in table 6. 


Taste 6.—Solubility relations of nickel and tungsten in 


ammonical solutions at pH 8.5 


{The citrate and tartrate solutions contained 50 g/liter of ammonium chloride] 


Salt Solubility product 
Concentration NixW CoxXW 
Typ - 
Molarity g liter g liter g/liter 
Rochelle 14 400 3, 000 
Ammonium tartrate 7 125 4, 000 
Do 1.4 2%) 6, 000 
Ammonium citrate s aM 2. 500 
Do 1.¢ 400 5, 000 
Ammonium sulfate 2.3 wo 
Sodium hexa-metaphosphate 3 200 2, WO 0 
Ammonium sulfamate 2.0 20 1, 00 75 
Ammonium acid phosphite 1.2 » 1,100 42 
Ammonium fluoborate 1.9 a0 170 0 
Ammonium bifluoride 3.5 a0 160 10 
In general, the mutual solubilities of nickel 


and tungsten in the electrolyte were greater than 
the mutual solubilities of cobalt and tungsten. 
For example, in an ammonium tartrate solution 
containing tungstate, the concentration of nickel 
may be as high as 100 g/liter, whereas that of 
cobalt cannot be much above 50 g/liter without 
eventually The solubility prod- 
ucts of nickel and tungsten in the solutions con- 
taining only inorganic salts are much higher than 
for cobalt and tungsten, and indicate a greater 
possibility of preparing an inorganic bath for the 
nickel than for the cobalt alloy. Some data for 
the latter are given in table 6 for comparative 
purposes. The large solubility product of nickel 
and tungsten in the hexametaphosphate solution 
is noteworthy. 


precipitating. 
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D. Factors Affecting the 
Deposit. 


Composition of 4 
Nickel alloys could not be obtain: | wi) 
as high a content of tungsten as the cobalt alloy. 
The limit of the tungsten content in the nick 


alloys was about 35 percent, as compared wi) 





about 50 percent for the cobalt-tungsten alloy. 




















The effeets of the variables of bath composition: f 
and operating conditions were similar to thos 
observed with the cobalt system, and hence 4) 
discussion of this subject can be abridged exer 
where the two systems differ. The relations , 
the composition of the plating solutions and | 
the deposits are illustrated in table 7; and 4) 
effects of current density in table 8. Most 
the data were obtained with solutions of citrat. 
and tartrates, the latter solution producing thy 
soundest deposits. 

The main conclusions are as follows: 

1. The tungsten-nickel ratio of the bath (fig. : 
and fig. 3) has the most important effect on th 

24 ,;——_ _ + - — — - 

22 

20f-  —- 

CITRATE BATH 

i8 eee eas | 

6 - — 
z 
- 14 = © 
” 
<) 
z 
=) 
- 12 — 
— 
z 
ae 
© 10 = 
a 

. : : 

6 

a 

2 

0 








fo) 2 4 6 8 io 2 4 6 
W/ NI (BY WEIGHT) 
Ficure 2.—Effect of tungsten-nickel ratio on the percentage 
of tungsten in the deposit from ammonium tartrate ané 
sodium citrate alloy baths of various compositions ui « cu" 
rent density of 2 amp/dm?. 
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Compositior. of nickel-tungsten alloys deposited from ammoniacal solutions of organic salts 


SO., 


{Each solution contained 50 g/liter of ammonium chloride; temperature 90° C 


Mo 
larity 


liter 


200 g/liter 


400 @ liter 


g/liter 


2 


100 


Mo- 
larity 


Bath composition 


Organic salt 


Concentration 


g/liter ype 
Mo 
larity 
CITRATE 
$5 Na 0.60 
$5 Na 0) 
17 Na uw) 
1) NH 1. 
5 Na 0. 30 
$i Na 
Os Na on 
th Na vw) 
os Na “) 
; Na uy 
rARTRATHI 
NHy 1. 30 
) NH, 1. 30 
3 Na, K 0.70 
0) Nu 1. 30 
1 Na, K 1.40 
100 NH, 0). 65 
oo NH 1. 30 
4 NH 1.30 
ll NH 1. 30 
HYDPROXYACETATE 
0) kK 2 
tt) kK 5.0 
l NH 2 
0 NH 5.0 
LOO NH 0 
SACCHARATE 
15 kK, H 1.6 
0) K, H 1.6 


GLYCINATE 


INORGANIC 


g/liter 


we 


wn) 


sO 


pH 8.5] 


Cathode efficiency 


2amp/dm? 


Samp/dm ? 


yp 


“4 


low 


Pungsten in deposit 


amp/dm? Samp/dm 


Percent 

{ ” 
10 l 
12 12 
16 M 
17 26 
16 31 
1v 2 
2) ny 
Is ” 
if 
oT) 14 
1S 20 
17 21 
21 2t 
i 

13 
7 21 
@ » 

1] 
10 4 
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TUNGSTEN 


PERCENT 


Fieure 3. 
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COBALT 
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* 
a x 
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W/METAL (BY WEIGHT) 

Comparison of effect of tungsten-metal ratio on 
the percentage of tungsten in the deposit plated from nickel, 
cobalt, and tron-tungsten alloy citrate baths of various com- 


positions at a current density of 5 amp/dné. 


composition of the deposits. When this ratio 
ceeds 4, the increase of tungsten in the deposi 
slight. In no instance was a deposit obtain, 
(as was the case for the cobalt alloy) in which ; 
ratio of tungsten to nickel was higher in th 
posit than in the bath. 

2. The content of tungsten in the deposit 
It will 
recalled that in the citrate cobalt-alloy soluti 
the composition of the deposit was almost 


creases with current density (table 8). 


affected by variations of current density. 1) 
behavior is not shown by the citrate nickel-al) 


plating solution. The deposits obtained fr 
tartrate and other solutions at a current density 
5 amp/dm? were not as sound as those obtained 


a current density of 2 amp/dm?, and usually ; 


veloped cracks when the copper supporting ty 
It has not been determin 


was stripped away. 
whether this cracking is related to the composi 


of the deposit or to the precipitation of inclusic 


at the higher current density. 


has very little effect on the composition of the 
posit, in contrast to the cobalt alloy systems 
which considerably more tungsten is codeposi! 
from a citrate solution than from any other 


TABLE 8. Effect of current density on the composition of nickel-tungsten alloys 


[Each solution contained ammonium chloride, 40 g/liter. 


Temperature 90° C; pH 8.5.] 


Bath composition 


Ni 

WNi 

‘weight 
Molarity g/liter Molarity 
1 0. os ") 0. 20 
1 is tt) a 
l 68 ) 2 
2 3 19 2 
2 M4 19 20 
2 “4 19 Pi 
2 Bo} 19 -20 
2 “4 19 20 
5 22 13 7 
22 13 37 
22 13 37 
) 22 13 37 
) 22 13 .37 
15 ll 7 f2 
15 il 7 52 
15 il 7 52 
15 il 7 52 


W Sedium citrate con Current Cathode 
centration density efficiency 
g/liter Molarity g/liter 
amp/dm? Percent Pe 

sh 0.6 200 2 81 
a5 6 20 5 al 

35 6 20 10 
35 $ 100 2 95 
35 ; 100 5 77 
$5 3 100 10 SS 
35 3 100 20 82 
35 3 100 w) 03 
fis 6 200 2 SA 
6s 6 200 } sf 
os 6 200 10 79 
68 6 200 20 82 
68 6 200 30 jl 
95 3 100 2 Ww 
95 3 100 ) Hy 

| 

95 $ 100 10 “4 
95 3 100 20 62 
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mmary from Table 7.—Effect of type of plat- 
olution on the composition of nickel-tungsten 


Ni, 25 g/liter; W, 100 g/liter 


W in deposit 
pe of plating solution 


Zamp/dm 2 Samp/dm? 


Percent Percent 
i-l\ tartrate 9 K 
Ammonium tartrate 15 20 
trate »o 14 16 
Ivdroxvacetate 17 21 
norganiec solution 10 14 


{. From data available, it does not appear that 
ariations in the concentration of the salts of or- 
ranie acids or in the total concentration of nickel 
ind tungsten have any important effect on the 
‘omposition of the deposit. 

5. As with the cobalt system, the addition of 
mmonium salts up to several hundred grams per 
iter to the baths, which already contain ammoni- 
um compounds as made up, has little effeet on the 
deposits except to darken Alkaline 
plating solutions prepared from salts of the hy- 


the color. 


droxy acids, with no ammonium compounds pre- 
sent, operate very poorly. The mutual solubility 
of nickel and tungsten is much reduced, and the 
cathode efficiency is only a few percent. Addition 
of a small amount of ammonium compounds 
raises the efficiency to 90 percent. However, an 


ummonia-free citrate plating solution, which 





initially had a very low cathode current efficiency, 
improved considerably in this respect after being 
used for several hours. 

Solutions containing inorganic ammonium salts 
and no salts of hydroxy acids do not operate as well 
as the preferred type of bath, because of the lower 
solubility of the metals and the lower cathode 
efliciency. These solutions are, however, much 
more satisfactory than those containing hydroxy 
acids but no ammonium salts. As compared with 
the preferred type of bath, they have the advantage 
that an insoluble anode can be used in them. 

In the tartrate bath a difference was noted in the 
composition of the deposits (12, 13, 15, and 17 in 
table 7) aceording to whether the solution was 
tiade up with Rochelle salt or with ammonium 
tartrate. From the latter solution the deposits 








contained significantly more tungsten. This effect 
is not caused by the presence of a larger quantity 
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of ammonium salts, as adding large quantities of 
ammonium salts to the Rochelle salt solution did 
not effect the composition of the deposits. It may 
be caused by the presence of the sodium or potas- 
sium salts, though it is rather unusual for inert 
ions such as these to influence the composition of 
an alloy deposit. 

Comparison with Work of Vaaler and THolt.—It 
is of interest to compare the above observations 
with those of Vaaler and Holt [25], who worked 
mainly with citrate solutions. Their range of com- 
positions of baths and alloys and their operating 
conditions are similar to those reported here. The 
main difference is that they used temperatures 
only up to 70° C, whereas the best quality of de- 
posit was obtained in the present work at higher 
temperatures. Occasionally they used insoluble 
anodes, which form deleterious products in the 
bath and produce bright, strained, and pitted de- 
posits. Current 15 amp/dm?, 
such as they used, are too high for the production 


densities of 7 to 


of deposits sound enough for commercial use. 

Operation of Plating Solutions.—Much of what 
has been said in regard to the control of the tem- 
perature, pH, ammonia content, anodes, and ad- 
hesion in cobalt-tungsten alloy solutions applies 
to the nickel-tungsten alloy solutions. The anode 
corrosion of nickel in these baths is poorer than 
that of cobalt, and the anode current density can 
not exceed 0.3 amp/dm?, without forming a pre- 
cipitate on the anode. The effects of many im- 
purities in the solution have not been studied, but 
small amounts of copper produce a bright deposit 
and larger quantities, a rough, dark deposit. The 
nickel-alloy solutions have less tendency than the 
cobalt-tungsten solutions to precipitate on long 
standing. 


4. Electrodeposition of Iron-Tungsten Alloys 


General.—Our knowledge concerning the iron- 
tungsten plating solutions is less complete than 
that for the other two alloys, because the former 
are more difficult to investigate. The iron-tung- 
sten alloy systems exhibit considerable differences 
from those of cobalt and nickel alloys. In some 
respects, this is the most interesting of the three 
systems studied, because the tungsten contents of 
the deposits are higher, and because some of the 
deposits are harder even than chromium. 

One of the main difficulties involved in the 
plating solutions for the iron-tungsten system is 
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that the iron can exist in two states of oxidation. 
Plating is more readily carried out in the solutions 
of Fe I] than of Fe II1, but the alkaline solutions of 
ferrous compounds oxidize rapidly in the air. 
Hence, it is not practicable to know exactly the 
composition of a bath that has been in operation 
for some time. Because the solubilities of the iron- 
organic complexes are not as high as those of 
cobalt and nickel, a wide range of concentrations 
is not feasible. The cathode efficiencies are lower, 
for example, about 50 percent. This situation 
increased the difficulty of plating thick deposits 
for physical examination. 

Solubility Relations of the Tron-Tungsten Plating 
Solutions. No quantitative solubility studies were 
made on the iron-tungsten plating solutions, as 
was done for the nickel and cobalt solutions. Fer- 
rie compounds had a higher solubility than ferrous 
In the citrate bath maximum con- 
centrations of about 25 g each of iron and tungsten 


compounds. 


could be obtained but the solutions were not as 
stable as the corresponding nickel and cobalt solu- 
tions, and iron tungstates gradually precipitated 
on operation. The tartrate solutions were not 
satisfactory because of the low solubility of terrous 
compounds in them. 

In making up the alloy plating solution, pre- 
cipitation was likely to occur if the salts were not 
dissolved in the right order. The citrate, iron 
sulfate, and the ammonium salts were dissolved 
successively, and the solution was made ammonia- 
cal. The tungstate was dissolved separately and 
was made ammoniacal before adding it to the iron 
solution. 

Factors Affecting Composition of Deposit.—The 
outstanding characteristic of the deposition of 
iron-tungsten a'loys is that, despite large changes 
in the composition of the plating solution and the 
conditions of operation, the deposit maintains a 
fairly constant composition, with about 50 percent 
of tungsten. This behavior is illustrated in tables 
9 and 10 and figure 3 in which all of the deposits 
contain between 30 and 60 percent of tungsten, 
and most of them between 40 and 55 percent. It 
has not proved expedient to produce low-tungsten 
alloys because of the difficulty in controlling the 
small concentration of tungsten that is required in 
the plating solution. 

As the composition of the deposit does not vary 
greatly with a change of variables, no detailed 
analysis of these effects is included, particularly 
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because the reproducibility of the composi: ioy 

the deposits was not very high. The rang 

variations is shown in tables 9 and 10. The o 
condition that made a decided change in the e 
position of the deposit was the use of a maly: 
solution (table 9) that vielded deposits contain) 
about 30 percent of tungsten, as compared wi) 
45 or 50 percent for the citrate solutions. T 
gluconate and tartrate solutions yielded depos 
with about the same composition as did the citra: 
The tartrate solution is not satisfactory becay 
iron tartrates gradually precipitate from it 

heating. 

In the iron-tungsten system, the tungsten us 
ally behaves as the less noble metal, that is, ; 
metal ratio, W/Fe, of 
smaller than that of the solution. As with ¢| 
cobalt-tungsten alloys, however, certain of || 
plating solutions vielded deposits that had 
larger ratio than the solution, thus indicating 
reversal of the relative potentials of the | 
deposited metals. This is illustrated by No 
table 9 where the metal ratio of the deposit is 
and that of the solution is 0.5, and by No 
table 9, where the metal ratio of the deposit 
0.5, while that of the solution is 0.2. This ap 
parent shifting of the deposition characteristi: 
tungsten is shown with both cobalt and 
only in solutions with a low concentration 


the deposit was usua 


If more tungsten is added to a so 
the deposit 


tungsten. 
tion, the tungsten content of 
proaches a limit, while the metal ratio of the »- 
lution increases and soon exceeds the maxim 
that the deposit is capable of attaining. 

The main effect of the composition and op 
ating conditions of the solution is upon 
cathode current efficiency. Ferrous solutions 
to 22] have cathode efficiencies of 65 to S85 per 
cent, and ferric solutions [1 to 14] of 30 to 50 per 
cent. Increasing the citrate content materia! 
lowers the cathode efficiency [compare 3 and + 
7 and 8; 11 and 13; 20 and 21}. The cath 
efficiency (table 10) at 50° C is considerably low 
than at 70° and 90° C, 

Operation of Plating Solutions.—The operat 
of the ferrous solutions was not satisfactory becats 
they tend to oxidize readily. By using a dee 
vessel and passing a slow stream of carbon dioxy 
over the solution, oxidation could be retarded. | 
solutions operated in the air, 50 percent or mo! 
of the iron became ferric. On standing, the 50" 
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TABLE 9. 


eight) \Molarity 


4 
4 
4 
4 
TD 


0. 43 


0.14 


Contained no tungsten. 
contained (N H4)2SO,4, 100 g/liter. 


vdditional 


com position 


Organic salt 


. 50-100 g/liter, unless otherwise indicated 


Concentration 


g/liter ype 


Molarity 


FERRIC CITRATE 


4 Na 0. 30 
s Na 30 
; Na 0) 
70 Na ro) 
35 Na a0 
dss Na x) 
35 Na 0) 
$5 Na a) 
MM) Na 30 
55 Na 0) 
72 Na 0) 
35 Na 1) 
70 Na wo 
35 Na 30 
FERROUS CITR 
NH, 0. 40 

NH, sO) 

NH, 1) 

25 NH, “0 
25 NH 0 
25 NH, 4) 
25 NH« st) 
100 NH nO) 


FERRIC GLUCON 


35 NHg« om 


FERRIC MALATE 


25 NH l 


FERROUS MALATE 


25 NH¢ l 


FERRIC TARTRATE 


a5 NH, 0.5 


FERROUS TARTRATE 


35 NH 0.5 


¢3amp/dm’. 


4 Bath contained (N H4)280¢4, 300 g/liter. 
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ATE 


g/liter 


BATH 


1 
10O 
LD 
a0 
100 


100 
100 
PLU 
100 


100 


100 
1 
200 


1 


ATE BAT 


100 
a0) 
100 
1 
1 
100 
a0 
a0 


110 


BATH 


20) 


100 


100 


BATH 


BATH 


BATH 


BATH 


Composition of iron-tungsten alloys deposited from ammoniacal solutions 


Baths were operated at a pH of 8.5 to 9, and above 90° .C] 


thode efficiency 


10 
imp dm? 
Percent 
21 
11 
vt) 
45 
; 
“7 
21 
14 
SS 


7 


rungsten in deposit 


Ww 
imp/dm? 


Percent 


> 


48 


17 
iy 








tions were entirely converted to ferric and were become passive unless either a large excess 
difficult to reduce again. One advantage of the citrate was present, or a low anode current dens) 
ferrous solution is that the cathode efficiencies are was used. 

higher and the yields are greater for the same 


4. Electrodeposition of Ternary Alloys of Tungste 


cathode efficiency. Deposits can be obtained at 


lower current densities in the ferrous solution than Some ternary alloys containing nickel, cob, 
in the ferric, in which the current density usually and tungsten; and iron, cobalt, and tungsten, y 
must be at least 5 amp/dm.? deposited to demonstrate that the process is fe: 


Iron or tungsten anodes may be used. Neither ible, but no detailed study of their depositio; 


was entirely satisfactory, because they tended to properties was made. The data given in tab 


¢ 50 | 
TABLE 10.—Effect of temperature on the composition of iron-tungsten alloys deposited from citrate solution nt of 


Each solution contained ammonium chloride, 50 g/liter. Current density 5 imp/dm?, pH of plating solutions 8.5.] MI pos 
prnary 
Bath composition Current efficiency at rungsten in dey ¥ 


Sodium citrate 
conceniration 7 
The 


g liter Molarity 


he obj 
TABLE II Electrode position of ternary alloys of tungsten with the tron group metals from citrate solutions otival 
Vi 
[Each solution contained additional ammonium salts, 5 g/liter. Baths were operated at a pH of 8.5 to 9.0 and a temperature above 90 tal a 
ially 
Bath composition ERPS ' 
his ac 
Fe Citrate . Cur- ylutior 
Current ’ 
density rent ef- 
Concentration ficiency) ¢ 7. 


g liter 


Molar- 
olar giliter Type 
ity 


Molarity g/liter 


Per- | Per 

amp/dm? cent cent 
3 97 26 4s 

6 76 16 4s 
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iron-cobalt-tungsten alloys show that the 

‘en content of the deposit is lower than if a 

v alloy had been deposited. For exmaple, a 

yn containing iron and tungsten would have 
led a deposit containing about 50 percent of 
nesten, and one containing cobalt and tungsten 
deposit containing about 25 percent of tungsten, 
it the ternary alloy contained from 14 to 17 per- 
nt of tungsten. Sykes [24] has shown that a 
betullurgieal cobalt-iron-tungsten alloy contain- 
he 50 percent of Fe, 30 percent of Co, and 20 per- 
yt of W has a better hot-hardness than other 
ympositions. The electrodeposition of such a 
brnary alloy may be of interest. 


] 


6. Defects of Deposits 


The Rochelle salt and the citrate baths generally 
wrated satisfactorily, but occasionally pitting 
nd misplating (that is incomplete coverage of a 
face) occurred from no known cause and no 
ffective remedy was found. It was difficult to 
udy these defects because the conditions could 
ot be produced at will. The misplating was 
ost likely to occur in the concentrated baths 
hen low current densities were used. It could 
¢ almost entirely prevented by first coating the 
bject with a cobalt strike and using an initially 
igh current density in the alloy bath. The pit- 
ing of deposits could be lessened by moving of 
he object and by filtering of the solution through 
ctivated charcoal. Plating solutions containing 
igh concentrations of hydroxyacetates were espe- 
ially prone to pit. This is regrettable because 
his acid is the most economical for preparing the 
lutions for plating tungsten alloys. 


7. Stripping Defective Deposits From Steel 


Defective deposits of cobalt-tungsten alloy were 
tripped from steel anodically in either a cyanide 
lution or an ammoniacal solution of ammonium 
The latter solution was almost saturated 
ith ammonium nitrate and contained 100 to 
1) ml of ammonium hydroxide per liter. The 
S amp/dm?. 


itrate. 


nodie current density was about 
though the stripping action in this bath was 
upid, after the solution was used for a time, if 
attack The cyanide 

/ution contained sodium cyanide, 200 g/liter and 
irrent density ranged from 1 to 5 amp/dm?. 

he lower current density, the metal was active 


ended to carbon. steels. 


ripped with good efficiency, but at the higher 
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current densities, the action was slower. The 
cyanide solution is more reliable than the nitrate 
when it is important not to injure the steel. 
Nickel-tungsten alloys can be anodically stripped 
from steel with a hot saturated solution of sodium 
or ammonium nitrate, in the same manner that 
nickel is stripped. The required current density 
is about 25 amp/dm?. 

To strip coatings from steel for analysis, a solu- 
tion consisting of 2 volumes of fuming nitric acid 
and 1 volume of hydrofluoric acid is used, which 
rapidly dissolves the coating with very slight 
attack of the steel. The solution must be warmed 
on the steam bath until the reaction begins. 


8. Analysis of Alloy Deposits and Plating Solutions 


No high degree of accuracy was attempted in 
the analyses, as the results of the plating experi- 
ments were not highly reproducible. It was 
usually considered satisfactory to know the con- 
centration of each metal in the plating solution 
within about 5 percent of its content, and the 
composition of the deposits to the nearest percent. 

In analyzing for tungsten, the deposits were dis- 
solved in nitric and hydrofluoric acid in the 
manner indicated above, and the solution was 
evaporated to fumes of sulfuric acid. The 
tungsten was precipitated with either brucine or 
cinchonine. The presence of the iron group 
metals did not interfere with the tungsten de- 
termination. 

The analysis of the baths was a little more 
troublesome because of the presence of the organic 
matter. The tungsten was determined by boiling 
a portion of the solution with nitric acid and filter- 
ing off the tungsten, usually without the addition 
of an alkaloid, unless more precise results were 
desired. A higher degree of accuracy was obtained 
by destroying the organic constituents of the 
solutions before precipitating the tungsten. 

A cyanide titration was occasionally used for 
determining cobalt [12] in the plating solutions. 
It was necessary first to destroy the hydroxy acid, 
as otherwise low results were obtained. The com- 
plete oxidation of the organic acid was indicated 
by no further charring when fumed with sulfuric 
acid. Oxidation did not proceed very fast with 
nitric and sulfuric acid. Better results were 
obtained by treating with potassium periodate 
and sulfuric acid and heating to fuming. With 
citrates, hot concentrated sulfuric acid and per- 
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sulfates were effective. Even after the organic tion with potassium permanganate, pr: vious 
acid was destroyed, the titration of cobalt gave — standardized with known amounts of tart;ate 
results that were about 10 percent too high. For 


this reason a colorimetric method based on the V. Properties of Electrodeposited 
blue color developed with thiocyanates and ace- Tungsten Alloys 
tone was used. By using a calibration curve on a 1. Criteria of Satisfactory Deposits 
spectrophotometer, this method was made very 
rapid, and the results were correct within about 5 The properties of deposits that may be ¢q 
percent. The reagent used for developing the sidered as commercially satisfactory may be sunf 
color contained 200 g of ammonium thiocyanate, marized qualitatively as follows. The deposiff 
20 g of potassium pyrophosphate (for decolorizing | Should be mechanically sound, that is, a depos 
iron compounds) and 50 ml of acetic acid, all dis- not more than a tenth of a millimeter thick shoy 
solved in 500 ml of water and diluted with acetone hold together when the base metal is dissoly 
to 1 liter. away, and under the microscope the deposit show! 
Attempts were made to devise a colorimetric not reveal any cracks or pores. Deposits up to 
method for cobalt that would make use of the — millimeter or more in thickness should be obtai 
purple color developed in cobalt solutions by — able without many nodules. The deposits shou! 
hydroxy acids. Such a method would permit the — not contain large amounts of inclusions, parti 
plating solutions to be analyzed directly, without larly oxides. The content of oxygen in ordinar 
the large dilutions required when sensitive colori- electrodeposited chromium, that is, about 0.3 pe 
metric reagents are used. However, it was not cent, may be considered an upper limit that can! 
found possible to secure reproducible colors, present in deposits for engineering uses. Co: 
either on the acid or on the alkaline side. Am- mercial electrodeposits of other metals contain |s 
moniacal cobalt solutions containing a hydroxy than 0.1 percent of oxygen. Of the many pu! 
acid absorb oxygen and change color on standing. lished processes for depositing metals or alloys 
The analysis of the nickel-tungsten solutions few yield coatings useful for engineering applic 
for nickel was simpler than the procedures re- tions. Studies on the electrodepositon of alloy: 
quired for cobalt. The nickel could be deter- have centered largely around the production « 
mined with the well known cyanide titration with analysis of thin deposits and their variations wi! 
sufficient accuracy, and the organic material did changes of plating conditions. No evidence hw 
not interfere. usually been offered to show whether the alloy 
The total iron content of the iron-tungsten are sound or whether thick deposits .could ) 
baths can be determined by any one of the stand- — obtained. 
ard methods, after the organic material is de- The above criteria are met substantially by th 
stroved. No entirely satisfactory procedure has cobalt-tungsten alloys and the nickel-tungste 
been worked out to determine both ferrous and alloys but not yet by the iron-tungsten alloy 
ferric iron in a plating solution after it had been in The physical properties of the latter are inferior 
operation. Colorimetric methods for either form except in hardness, to the former two alloys. Th 
of iron were not suitable, because in these dilute — iron-tungsten deposits are usually weak and brittle 
solutions the ferrous iron tended to oxidize. <A and may crack or fall apart when the base metal ® 
reducing agent could not be added to stabilize dissolved. 
the ferrous iron without danger of reducing some 
of the ferric iron. One method for determining 
ferrous iron is to titrate with permanganate after Deposits up to 0.1 mm thiex are smooth an 
the sample has been acidified with acetic acid. range in color from dark grey to bright. Th 
The endpoint was not sharp, but higher acidities cobalt-tungsten allovs have almost the same gr! 
permitted oxidation of the organic acid. More color as electrodeposited cobalt. The nickel allows 
accurate and rapid methods of analysis are may vary from semibright to dark grey, the latte 
needed. being obtained from the more concentrated tar 
The only hydroxy acid that was determined reg- trate plating solutions. The iron alloys vary frou 
ularly was tartaric acid, which was done by oxida- — grey to bright, similar to chromium. The 4p 
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2. Appearance of Tungsten Alloys 
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icureE 4. Laminations in a_ cobalt-tungsten deposit, 


containing 23 percent of tungsten. 


bearance of the deposits may depend to some ex- 
ent on the presence of small amounts of im- 
burities in the bath. 


3. Structure of Alloys 


Microstructure —As deposited, the alloys usu- 
hlly show laminations running parallel to the 
ase metal, even though the current was not 


GSN 
BAAS 


kE 5. Laminations in an iron-tungsten deposit, 
containing 48 percent of tungsten. 


Electrodeposition of Tungsten Alloys 


interrupted. In this respect the deposits re- 
semble some “bright nickel’? deposits. The iron 
alloys show this lamination to the greatest degree, 
and occasionally the adhesion is poor between the 
layers. Some of the cobalt-tungsten alloys show 
also a columnar structure perpendicular to the 
surface, similar to that of electrodeposited nickel 
or cobalt. Photomicrographs of a cobalt-tungsten 
and an iron-tungsten alloy deposit are shown in 
figures 4, 5, 6. When plated under unfavorable 
conditions, such as too high a current density, the 
alloy may contain voids and cracks. On heating 
above 1,000° C, the laminations disappear and a 
grain structure is developed (see fig. 7, 8). 





Figure 6. Cobalt-tungsten alloy (25 percent tungsten) 
showing laminations parallel to the base metal and a 
columnar structure perpendicular to the base metal. 

X100 


Crystal Structure.—Previous X-ray studies of 
electrodeposited alloys have shown that they are 
generally composed of the same phases as those 
present in the comparable thermally prepared 
alloys. This was not borne out by X-ray studies 
of the electrodeposited cobalt-tungsten and iron- 
tungsten alloys. These appear to be solid solu- 
tions, although according to the equilibrium 
diagrams [10], a fair proportion of an intermetallic 
compound should be present as another phase. 
The importance of this structure will be dis- 
cussed in connection with the  precipitation- 
hardening of the alloys. 
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Fiagure 7. Cobalt-tungsten alloy (also shown in 
after being heated to 1,300° C for 14 hr. 


Note disappearance of the laminations and the appearance of grains 





Ficgure & Cobalt-tungsten alloy (also shown in figs. 
after be ing preci pitation-hardened at 800° ¢ ‘ 


Ihe specimen has been overaged X 100. 
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ae pos 
leposit Initial pi 
COBALT-TUNGSTEN 
Percent 
1 | Standard cobalt 330 2%) 
2 Gluconate 7 420 358 
3 do 2 41 MM 
ry do 2 380 245 
5 do 4 348 2044 
>’ | Tartrate 4 3sy 391 
7 | Gluconate 4 426 459 
fig. 6) s do 5 452 
9 Tartrate s 461 467 
: 10 | Ammonium sulfate 9 425 413 
X100 11 | Tartrate 9 464) 480 
12 do 4 asl 460 
13 do 10 435 528 
M4 do 10 40) 43 
15 Gluconate i 486 oh) 
16 Tartrate 12 oo 654 
17 do 12 415 Sis 
Is do 4 Js0 is7 
19 Malate 15 4) 578 
2)» «6Tartrate 15 458 645 
21 do 15 392 SSO 
22 do 16 465 698 
23 Malate 16 360 YO 
24 Tartrate 17 485 695 
25 do 18 422 516 
26 do 18 487 613 
27 do 19 517 7) 
] do w 500 702 
2 do 21 308) 528 
30 Hydroxyacetat« 21 460 
31 «(Citrate 22 40) 70 
32 Tartrat« 24 $58 64 
33 Malate 25 455 630 
4 rartrate 25 524 747 
\ 35 Hydroxyacetate 25 sO 
36 lartrate 26 704 YSS 
/~ 
87 do 31 470 757 
as do 33 615 R10 
9 do a5 6S4 24 
40 do 36 535 710 
41 | Citrate 53 M4 1, 035 
6 and 42 do 57 624 907 


4. Physical Properties 


Hardness—The hardness of the electrodes osi 
tungsten alloys is perhaps their most interestin: 
property. Not only are they relatively hard 
obtained from the bath, but they also increas; 
hardness when subjected to suitable heat-treg; 
ments, as shown in table 12. The hardnes 


TABLE 12.— Hardness of electrodeposited tungsten 
alloys * 


Vickers hardr 
Tungsten 
No. Type of bath in 


See footnotes at end of table 
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Hardness of electrodeposited tungsten 
alloys —Continued 


PaBLe 12. 






Vickers hardness 
Tungsten 


rype of bath in 
deposit | Initial vi, Change 
NICKEL-TUNGSTEN 
Percent 
Iydroxyacetate 1 ‘3 258 — 255 
2 do 2 380 445 65 
; do 3 340 415 75 
4 do 4| WT 370 —137 
5 | Glyeinate 5 | 345 | 2S -—77 
6 Hydroxyacetate 5 410 450 40 
7 | ‘Tartrate 7 60S 378 — 230 
s | Citrate 9 | 621 355 — iH 
) Hydroxyacetate 10 | 370 12) ww 
1 | Glycinate iM 600 | 600 0 
ll Citrate 13 473 312 —I161 
12 do 14) 50S 867 359 
¢13 | Tartrate.... 4 498 | 344 —1M 
| 
14 “Citrate 17 AI 7H 153 
15 do 25 62 73 121 
16 do 25 ‘2 379 —153 
7 do yi 642 653 il 
18 do 3 29 | 623 645 22 
19 do 3} 597 7 153 
| | j 
” do 31 C48 805 157 
21 do 31 611 7 —o4 
22 lo 3 643 772 120 
23 do 36 693 752 5Y 
IRON-TUNGSTEN 
| 
1 | Citrate 4s on 1, 200 240 
2 do 4y 72 w20 a0 
do Sl ao 1, 400 | ATT) 
‘ do 52 7 1,350 600 
do | 52 960 1, 120 1m) 
a do 53 1,010 1, 400 300 
| 
do 53 1, 340 1,020 —320 
s do of SOO” 1,230 iw 
i) do MM Tw 1, 330 Mo 
0 do w 970 1, 460 m4) 
do iM S40 1, 260 40 
* Deposits having the same composition are not duplicates, but were plated 
from different solutions under different conditions 
In this group, Nos. 6 to 42, the hardness increased as a result of heating. 
this group, Nos. 13 to 23, the hardness increased as a result of heating 
4 Plated at 70° C. 


Iheasurements were made either with an Eberbach 
microhardness tester, which uses a Vickers dia- 
mond, or with a Knoop tester, on a polished cross 
section of the coating, which was 0.05 mm or 
nore in thickness. All hardness readings were 
converted to the Vickers scale. 
he initial hardnesses of the cobalt and the 
| alloys were about the same, from 350 to 700 
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Vickers. On heating to 600° C for an hour and 
cooling, certain of these alloys increased in hard- 
ness by more than 100 points, probably as a result 
of precipitation hardening. The nickel alloys 
exhibited less tendency toward this increased 
hardening than did the cobalt alloys. The data in 
table 12 show that precipitation hardening oc- 
curred with cobalt-tungsten alloys containing 
above 5 percent of tungsten, and with nickel-tung- 
sten alloys containing above 17 percent of tung- 
sten. There are exceptions in both directions, 
however. Some alloys with a high tungsten con- 
tent softened on heating and others with a low- 
tungsten content hardened. The increase in hard- 
ness on heating is variable and depends somewhat 
on the conditions of deposition as well as on the 
tungsten content. 

The precipitation-hardening of the metallurgical 
nickel- and cobalt-tungsten alloys has been studied 
by Sykes and coworkers [11, 23, 24]. For precipi- 
tation-hardening to occur, the cobalt alloy had to 
contain more than 10 percent of tungsten and the 
nickel alloy more than 32 percent of tungsten. 
Precipitation-hardening occurs at lower tungsten 
contents with the electrodeposited alloys than 
with the metallurgical alloys. The maximum hard- 
ness obtainable for the metallurgical alloys by pre- 
cipitation-hardening (about 500 Vickers) was less 
than that obtained with the electrodeposited alloys 
(about 700 Vickers). 

The iron-tungsten alloys as deposited are con- 
siderably harder than the cobalt and nickel alloys. 
The hardness ranges from 700 to 900 Vickers, 
which is somewhat less than the hardness of bright 
chromium (about 900 to 1,000). After heating at 
600° C for an hour the hardness of the iron alloy 
increases to from 900 to 1,400 Vickers. There 
seems to be no correlation of the hardness and the 
conditions of plating. If the hardness of the iron- 
tungsten alloy can be utilized commercially, there 
would be more incentive toward this development. 

The effect of temperature and time of heating 
of the tungsten alloys on the precipitation-harden- 
ing was explored, but no thorough study was 


made. In figure 9 are shown the averages of the 
data for two cobalt-tungsten deposits. The 
optimum temperature for their hardening is 


600° C. Higher temperatures and longer periods 
of heating at these temperatures cause a softening 
of the deposit, although the deposits are still quite 
hard (450 Vickers) after an hour at 1,200°C. A 
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Ficure 9. Hardness of cobalt-tungsten alloys after being 


subjected to heat treatments. 


‘posit containing about 25 percent of tungsten, 
which was heated at 1,300° C for 15 hours, de- 
creased in hardness from 420 to 150 Vickers. This 
softened alloy was capable of being subsequently 
precipitation-hardened. 


The optimum temperature of hardening for the 


nickel alloys appears to be below 600° C, because 
they become ductile at this temperature. 
optimum temperature for the iron-tungsten alloys 
with 50 percent of tungsten seems to be above 
600° C. 
an iron-tungsten deposit that had an initial hard- 
ness of about 780 Vickers. 
hour at 600° C, the hardness was 780 Vickers; at 
800° C, 1030 Vickers; and at 1,200° C, 990 Vickers. 


The 


The following results were obtained for 


After heating for an 


The precipitation-hardening of these alloys dif- 


ferentiates them from other hard electrodeposits, 
such as hard nickel, which owe their hardness 
mainly to some type of internal stress. Hard nickel 
undergoes a stress relief at the comparatively low 
temperature of 300° C [27] and hence is not suit- 
able for use at high temperatures. 


The detection by X-rays of only a single-phase 


solid solution in the cobalt- and iron-tungsten 
alloys is of interest, because of its bearing upon 
the explanation of the hardening that takes place 
on heating. 
of a thermally prepared alloy, it is heated to a 
temperature at which a solid solution is pro- 
duced and is then cooled to room temperature with 
the solid solution still present but not completely 


In the usual precipitation hardening 


equilibrium. On holding the alloy at an elevat- 


ed temperature (but below the initial high tem- 
perature), a second phase precipitates from the 
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solid solution at the grain boundaries, and cays. 
an increased hardness of the material. If 4) 
electrodeposited alloys were in an equilibrium eo», 
dition, then the second phase (which may | 
either a solid solution or intermetallic compound 
would already be present and there would be » 
tendency for it to deposit from the solid solutic 
at the grain boundaries when the alloy is heate; 
However, the alloy is already in the form of, 
solid solution as deposited, that is, in a state coy, 
parable to the unstable thermal alloys. Hen 
precipitation-hardening readily takes place wit) 
out the usual preliminary heat treatment. Th 
close relation between the mechanism of the har) 
ening of electrodeposited and the thermal cobal; 
tungsten alloys is shown by the fact that th 
optimum temperature of hardening is about thy 
same for both, viz 600° C. 

This explanation of the hardening of the alloy: 
does not suffice to explain the hardening of tly 
nickel-tungsten alloys, as according to the phay 
diagram [10, 11], no second phase should precipitay 
if the content of tungsten is below 32 percent. 

The formation of an intermetallic compoune 1 
the electrodeposited cobalt- and iron-tungsten a: 
loys that had been hardened at 600° C could no 
be detected by X-rays. This does not necessarily 
mean that no compound has been formed, but 
rather, that the quantity is too small to be ¢e- 
tected. On heating an iron-tungsten deposit \ 
1,200° C, new X-ray lines were obtained, whic! 
indicated the presence of a new phase that did no! 
correspond very closely, however, with the line 
reported for the iron-tungsten compounds, Fe,\\ 
and Fe,W». 

Hot-Hardness.—The hot-hardness (that is, th 
hardness at elevated temperatures) of only th 
cobalt-tungsten alloys was measured (through tli 
courtesy of the Climax Molybdenum Co.). Thi 
values are given in table 13, along with data 
several other metals for comparison. The alloys 
with the higher tungsten contents show a gow 
hot-hardness, comparable to that of stellite. Pre 
cipitation-hardening of the alloy (No. 8, table 1) 
increased its hot-hardness. 

Ductility of the Alloys—The ductility of tv 
alloys was determined qualitatively by the pe- 
manent deformation obtained on bending a spec 
men. The iron alloys were brittle under all cond! 
tions of plating. The nickel and cobalt alloys ha: 
a slight ductility if they contained not over ° 
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ont of tungsten, otherwise they had no ap- 
1 ductility. On heating the nickel alloys 
«0° C or above, and the cobalt alloys above 
(, they become quite ductile. The tempera- 
ure for this treatment of the cobalt alloys seemed 
ather eritieal, as no ductility was obtained at 
wer temperatures even after some hours of 
wating, Whereas at the proper temperature for 
he alloy the ductility developed in a few minutes. 
This temperature varied somewhat with the 
-omposition of the alloy. Alloys containing up to 
2 percent of tungsten could be made ductile by 
ating to 900° C, but the higher-tungsten alloys 
equired a temperature of about 1,000° C. The 
emperatures required to produce ductility corre- 
pond approximately to the solid solubility line of 
‘o,W in the equilibrium diagram. The iron- 
ungsten alloys were still brittle after being heated 
0 1,200° C. 


alloys and 


lante 13.—Hot-hardness of cobalt-tungsten 
j some other metals 
Vickers hardness 
number at 
N Metal 
2c 700°C soorC 
] 200 ww 3 
Cobalt, electrodeposited 300 65 55 
Cobalt-tungsten alloy, electrodeposited, 12% W aw lus 42 
} Cobalt-tungsten alloy, electrodeposited, 15°) W 500 a5 34 
Cobalt-tungsten alloy, electrodeposited, 20% W 540 210 S2 
6  Cobalt-tungsten alloy, electrodeposited, 230% W * SO 10 53 
; Do > ao 16) 64 
‘ Doe 610 300 Iso 
+ Cobalt-tungsten alloy, electrodeposited, 250, W 520 370 220 
 Cobalt-tungsten alloy, cast, 7% W 340 195 110 
Cobalt-tungsten alloy, cast, 12°, W 510 220 105 
2 Cobalt-tungsten alloy, cast, 15° W 190 105 
Cobalt-tungsten alloy, cast, 25% W 200 
1 Stellite 470 300 
Do 315 200 175 
* Alloy as deposited 
» Alloy heated to 1,000° C for 1 hr and 850° C for 1 hr 
* Alloy heated to 1,200° C for Ll hr. Precipitation hardened for 100 hr at 


fur 


Thermal Properties.-The dimensional changes 
on heating were determined only with the cobalt- 
tungsten alloys. Our interest in this measurement 
arose from the fact that when deposits 0.25 milli- 
meter thick on steel were heated above 900° C 
to render them ductile, cracking would occasionally 
occur. To measure the dimensional changes that 
occurred on heating, a tubular specimen of the 
alloy, from which the base metal had been stripped, 

heated and then cooled. The change in 
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length of the tube as a result of the treatment was 
measured with a micrometer. 

Dimensional changes as a result of heating seem 
to be characteristic of some electrodeposits. The 
contraction of chromium to the extent of about 1 
percent when heated is well known Nickel de- 
posited from strong chloride solution (unpublished 
work) shows permanent expansion of about 3 
percent when heated The data in table 14 show 
that the cobalt-tungsten alloy may either expand 
or contract as a result of heating, and the effect 
does not seem to be highly reproducible As the 
expansions seem to occur chiefly with alloys that 
are plated from solutions with high concentrations 
of the organic constituent and of cobalt (1, 2, 
11 to 14, table 14), they may be related to the 
presence of inclusions. 

Coefficient of Thermal Expansion.—The coeffi- 
cient of thermal expansion was measured at elevated 
temperatures to determine at what temperatures 
permanent dimensional changes occurred. The 
coefficient of thermal expansion of electrodeposited 
cobalt was measured as a basis of comparison. 
The specimens of alloy and cobalt used for these 
measurements were tubes about 30 em long and 
5 mm in diameter, which were obtained in the 
usual way by stripping out the copper tube on 
which the metal had been deposited. The data 
are shown in figure 10. The cobalt showed the 
presence of a transition point as 425° C, which 
has been reported previously for metallurgical 
cobalt [26]. The alloy specimens showed a fairly 
linear change in length with temperature until a 
temperature of about 800° C was reached, and 
from this point on, a rapid expansion in length was 
noted, the coefficient of expansion nearly quin- 
tupling during the next 150 degrees. On cooling, 
the original curve was not retraced, and at room 
temperature a permanent expansion was retained 
corresponding to the rapid expansion above 800° 
C. The average coefficient of thermal expansion 
for the range 0° to 900° C, as determined from 
the cooling curve, was 13.8 10-* for the alloy, 
as compared with 14.510-* for the electro- 
deposited cobalt. 

Density.—The densities of the alloys were 
measured by the loss-in-weight method, using 
symmetrical tetrabromoethane as the liquid. Oc- 
casionally, the density of an alloy was measured 
as a means of rapidly determining its approximate 
composition. This can be done, because the 
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densities of the iron group metals and of tungsty 
differ so widely. Figure 11 shows the calevlaty 
curve of percent tungsten with respect to density 
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for the cobalt or nickel-tungsten alloys (assuming 
no volume change to have occurred in the formp. 
tion of the alloy). The circles show the agreemyy 
obtained between the percent tungsten obtained }y 
analysis and from the measurement of density 
The agreement was usually about 1 perce 
although occasionally larger errors occurred. 
Mechanical Properties—A few rough measuy. 


‘oo ments of tensile strength were made of some nickel. 


tungsten alloys containing about 20 percent tung. 
sten. The tensile strength varied from 78 kg my 


4 to 110 kg/mm’. These values may be |oy 


because in some tests specimens fractued at th 
grips. Electrodeposited cobalt) was found 
have a tensile strength of about 55 kg/mm/. 





Figure 10.—Thermal expansion of electrode posited cobalt 
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100 Young's Modulus.— Y oung’s modulus was det:. 


mined by the flexure of a tube under load. % 
eral results for Young’s modulus are given 


and cobalt-tungsten alloy, containing 10 percent of 
tungsten, table 15. With the exception of one result fo: 
Note the transition point at about 425° C shown by the curve for cobalt, nickel allov that is low and mav be the result c{ 
and the increase in thermal expansion above 800° C shown by the curve for ° : . As 
the cobalt-tungsten alloy. defective specimen, the moduli for the three alloy: 
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12 


13 


TABLE 14. Change in le ngth o} tubes of 


Molarity 


0.42 
85 
aS 


0.60 


* Solution contained ammonium sulfate, 300 g/liter. 
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electrodeposited cobalt-tungsten alloy after heating 1 hr at 1,000° ¢ 


g liter 


= tte 


Bath composition 


W e Organic salt 





Current | TUne- | cy 
density sten in . 
Concentration deposit 
Molarity | g/liter Type 
Molarity g/liter 
TARTRATE SOLUTION 
amp/dm? Percent Pe 
0.14 25 Na, K 1.40 400) 2 8 
03 5 Na, K 1.40 wn 2 10 
4 25 Na, K 0.70 200 2 » 
sa 25 Na, K 70 20 5 27 
Os 15 Na, K 35 100 2 M4 
. 08 15 Na, K 35 100 5 22 
Os 15 Na, K 35 100 2 a4 
OS 15 Na, K 100 5 33 
.07 12 Na, K 35 100 2 
07 12 Na, K . 35 100 5 2 
MALATE 
0. 27 i NH, 0.0 co 5 ” 
27 » NH 1.5 250 2 ) 
27 5D NH, 1.5 250 5 M4 
CITRATE 
0. 08 5 NH 1.2 300 5 rH) 
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Ficure 11.—Percent of tungsten in cobalt-tungsten or nickel- 
tungsten alloys versus density. 
lhe circles indicate the composition of electrodeposited tungsten alloys as 
jerermined by analysis. 
Taste 15—YOUNGS MODULUS OF ELECTRO- 
DEPOSITED TUNGSTEN ALLOYS 
Iron erous Type of batt Tungsten Modulus 
netal _ in deposit 
Percent lin kg/mm? X If 
Co lartrate 15 24 17 
Cr do 2 2 7 
N do 5 23 16 
N Hydroxyacetate. 17 25 17 
N Inorgani 9 24 17 
lartrate 1s il s 
Fe Citrate 46 25 17 
} _..do 49 23 16 
seem to be about 17 10° kg/mm’, which is lower 
than the modulus for the metals individually. 
Moduli of the metals of the iron group are all 
about 2110° kg/mm? and of tungsten, 36> 10° 
ke mm?, 
katigque Limit-—A few tests were run of the 
‘igue limit of a standard steel specimen plated 
i several thousandths of an inch of nickel- or 
ch -ctrodeposition of Tungsten Alloys 
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cobalt-tungsten alloy. The steel used was X4130, 
which had a fatigue limit of 63 kg/mm’. The al- 
loys reduced the fatigue limit of the steel specimen 
to about 28 kg/mm, which is about the same result 
that is obtained with chromium coatings. 

Frictional Properties.—No quantitative measure- 
ments of the coefficient of friction were made. 
However, in some qualitative experiments on 
galling in which the dry surfaces were rotated in 
contact under light loads, the cobalt-tungsten 
alloy behaved particularly well. This alloy has 
also been plated on small pivots and bearings, such 
as are used in instruments. Incomplete tests 
indicate that the performance of the alloy was 
satisfactory but not equal to that of jeweled 
bearings. 

Electrical Properties.—The resistivities of cobalt- 
tungsten alloys of various compositions are given 
in table 16. The resistivity varies almost linearly 
with the percentage of tungsten in the deposit (see 
fig. 12). Even after annealing, the resistivity of 
cobalt and of the tungsten alloys is still much 
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Resistivity of electrodeposited cobalt-tungsten 
alloys versus percent of tungsten. 


Figure 12.— 
The resistivity is a linear function of the percentage of tungsten 
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TaBLe 16.— Electrical resistivity of electrodeposited tungsten 


{Each solution contained Rochelle salt, 400 g/liter and ammonium chloride, 
g/liter. Solutions were operated at 90° C, with a pH of 8.5 to 9.0 and a 


current density of 2 amp/dm?.] 


Molar- g/liter 
ity 


Resistivity 
rung- 


sten in me 
deposit As de- ey 


posited 1,200°C 


Microhm- | Microhm- 
Percent cm om 
1 
’33 
46. 


higher than that of the individual metal! iPgica 
metals. (Tungsten, 5.1; and cobalt 9.7 microhy. 
em.) 

Magnetic Properties.—Most of the nicke!-tuny. 
sten alloys containing above 20 percent of tungste, 
are not ferromagnetic. The dividing line is yo 
sharp, and the plating conditions also have y 
effect on the magnetic properties of the alloys 
The cobalt-tungsten alloys containing up to 4 
percent of tungsten were magnetic. The iroy. 
tungsten alloys were not consistent in magnet 
behavior. Of those containing about 50 percent o/ 
tungsten, the majority were magnetic, but son, 
were nonmagnetic, although they had been simi- 
larly plated. 


eposit 
ferior 
id lov 
r tun; 


* Cobalt plating bath, pH 4; no tungsten. » Heated 1 hour at 1,000° C. 
TABLE 17.—Orxygen and hydrogen content of electrodeposited tungsten alloys 


Salt Composition of deposit 
Metal concentra- 
tion . Tr 
Canssntretion Current | Temper- | 
density ature Tung- 
rype sten Hydro- 
Molarity| g/liter Molarity; g/liter Molarity| g/liter 


INORGANIC 


amp/dm? , Percent Percent 
1 | Cobalt... 2 . 2 2 0. 004 


TARTRATE 


on 


Na, K 
Na, K 
Na, K 
Na, K 
NH 


0.011 
. 064 
o4 
00S a a ‘ 

009 4 ine Wl 


Carb 


Cobalt. 
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eo ww 
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3 do 
4 do 
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ectivity—The specular reflectivity of pol- 
nickel-tungsten alloys was found to range 
58 percent to 61 percent, which is close to 
at of nickel (60 percent). 


5. Chemical Properties 


Orygen Content of the Alloys.—The oxygen con- 
nt of electrodeposited metals is of importance, 
a high oxygen content indicates that much 
nsic matter is being included in the deposit. 
eposits with a high-oxygen content usually have 
ferior physical properties, such as_ brittleness 
id low strength. Table 17 shows some results 
r tungsten alloys along with cobalt and nickel 
r comparison. The oxygen content of the 
loys is slightly higher than that of the iron 
oup metals deposited separately. 
From table 17 it is seen that Co-W deposits 
om citrate solutions have a higher oxygen con- 
pnt than those from tartrate solutions (compare 7 
ul 8 with 2 and 6); and deposits from solutions 
bade up with ammonium salts of the organic 
ids have a lower oxygen content than from 
ose containing the sodium salts (compare 5 
id 6; and 7 and 8). Deposits plated at room 
mperature have a large content of oxide inclu- 
ons (No. 3 and 10A), which explains why they 
reso unsound, 
The hydrogen content of the deposits ranges 
om | to 3 times the amount necessary to com- 
ine with the oxygen as OH groups. 
When hardening of these al- 
ys on heating was first observed, it was believed 


Carbon Content. 


» be caused by the formation of tungsten carbide 
rom the carbon that might be included in the de- 
It was known that some bright nickel de- 
osits which are plated from solutions containing 
rgame addition agents contain several tenths of a 
bercent of carbon [21]. The analyses of some 
Ypical niekel- and cobalt-tungsten alloys showed 
hat the deposits contained less than 0.01 percent 
bf carbon, and therefore the hardening could not 
have been caused by the presence of carbon. 
Attack of Cobalt- and Nickel-Tungsten Alloys by 
reagents—The attack of nickel- and cobalt- 
ungsten alloys by hydrochloric, nitric, sulfuric, 
nd acetic acids, and by solutions of ammonium 
hloride and ammonium hydroxide was compared 
vith the action of these reagents on the unalloyed 
‘lectrodeposited metals. The cobalt alloys be- 


mod very similarly to electrodeposited cobalt, 


bOSILS. 
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and the nickel alloys showed slightly less attack 
than electrodeposited nickel. The data are shown 
in table 18, which contains the average results for 
alloys of three different compositions. On the 
basis of the chemical inertness of tungsten a 
greater resistance to chemical attack was expected 
of the alloys. The resistance of the alloys to solu- 
tion by nitric acid seems to be the chief difference 
from the electrodeposited cobalt and nickel. 


TABLE 18. Attack of cobalt- and nickel-tungsten alloys by 
chemical reagents 


Loss in weight, mg/cm? per day 


Reagent Cobalt- Nickel- 
= tungsten tinken tungsten 
Cobalt (10 to 30% Nickel (5 to 25% 
| Ww) Ww) 
Ammonium __ chloride, 
200 g/liter. 0.25 0.4 0.3 0.25 
Ammonium hydroxide, . 25 .25 15 . 
cone. 
Hydrochloric acid, 1:1 . 65 .9 RS 
Sulfurie acid, 1:1 0 .25 0 1.1 
Acetic acid, 1:1 1.1 1. 25 1.65 
— 
| Loss in weight, mg/cm? per hr. 
| 
. | | Nickel- 
Cobalt tungsten > | | 
Co- \Nick- tungsten 
balt« eee an Gs eee 
10% W/35% Wi41% W 5% W/23% Ww 
Nitric acid, 1:1 1, 200 13 4 1 16 1 l 


* Based on 10-min test. > Based on 4-hr test. 


6. Protective Value of Alloy Coatings on Steel 


Flat steel panels, plated with cobalt-tungsten 
and nickel-tungsten alloys of three different com- 
positions were subjected to the salt spray for 5 
days, along with similar panels plated with nickel 
and cobalt alone. The coatings had the following 
thicknesses: 0.006, 0.013, and 0.025 mm (0.00025, 
0.0005, and 0.001 in.). The cobalt and cobalt- 
tungsten alloy panels (see fig. 13) showed superior 
to nickel or nickel-tungsten 
alloys (see fig. 14), the cobalt alloy coatings 
being the better. The break-down of the panels 
in all cases resulted from the porosity of the 
coatings. The nickel coatings showed the usual 
degree of porosity, which varied from a liberal) 
sprinkling of a hundred or more spots per square 
decimeter on the thin coating to several pores per 
square decimeter on the thicker coatings. The be- 
havior of the thin cobalt-tungsten alloy coatings 


protective value 
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Fiagure 13. 


Appearance of steel panels, plated with cobalt and with cobalt-tungsten alloy (20 percent tungsten), aft 


exposure of 5 days to the 20-percent salt-spray test. 


The first two (left) are plated with cobalt and the last two (right) with alloy 


Thickness of coatings, first and third: 0.006 mm (0.00025 in 


fourth, 0.025 mm (0.001 in.) 


was outstanding; after 5 days of exposure to the 
salt spray, they did not develop more than a few 
pores and were in much better condition than the 
thick coatings of nickel (see fig. 13). 


7. Field of Application of Tungsten Alloys 


The tungsten alloys should find applications 
where hardness, particularly at elevated temper- 
atures, is required. They may be competitive 
with chromium and hard nickel for building up 
worn parts or for use in dies. The good throwing 
power of these alkaline plating solutions should 
make the plating of many objects with tungsten 
alloy much simpler than with chromium, as com- 
plicated anodes would not 


be required. Sug- 


Fiaure 14. 


an exposure of 5 days to the 


The first two (left) are plated with nickel and the last two (right) with alloy 


fourth, 0.025 mm 
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Appearance of steel panels, plated with nickel and with 


gested fields of application are on bearings, to 
pistons, cylinders, and dies. 


The main disadvantage involved in the plat 


of these alloys is that the operating condit) 
require and 


maintain 


elevated 
addition of 


temperatures, cont! 


ammonia to the pH 


necessary . 
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nickel-tungsten alloy (15 percent tungst 


20-percent salt-spray test. 


Thickness of coatings, first and third: 0.006 mm (0.00025 in 
(0.001 in 
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